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SUMMARY
The importance o f drug analysis in pharmaceutical and biomedical laboratories has led 
to the development o f increasingly sophisticated methods o f analysis. This has resulted 
in improved sample preparation procedures to meet the specific requirements o f the 
analytical instruments. Selective sample preparation has been the focus o f attention in 
recent years, particularly in chromatographic analysis.
The development o f immunoaffinity solid phase extraction (SPE) for biological fluids 
was one o f the main objectives o f  this study. Using the model compounds clenbuterol 
and morphine, immunoaffinity SPE was optimised for application to biological fluids. 
The optimisation o f the immunoaffinity placed emphasis on the loading o f samples into 
columns, washing to remove unbound materials and the elution o f drugs from the 
column in the minimum volume possible. The antibody-drug interaction, mainly due to 
hydrophobic and ionic interaction was indicated by the use o f low pH elution buffers in 
association with polarity reducing agents (organic modifier). The extraction efficiency 
o f the immunoaffinity extraction was >98%. The immunoextraction procedure for both 
model compounds was optimised for elution in a single 1 ml elution fraction which was 
analysed directly by high performance liquid chromatography. High column capacity 
was desirable in the immunoaffinity column as this made the column reusable.
Precipitating the plasma protein greatly improved the precision and accuracy o f the 
method. The method coefficient o f variation (%CV) for plasma clenbuterol after 
protein precipitation was < 5% for both within and between-day analyses. For urine 
morphine, the within-day precision was high (%CV between 13-24) for all 
concentration levels used (50, 250 and 450 ng/ml). The between-day precision was 
within the method validation acceptable limits. Preconcentration o f drugs was effective 
using the immunoaffinity SPE. Samples diluted up to 100-fold were able to pre­
concentrate analytes with highly efficient recoveries. Immunoextraction using vacuum 
resulted in poor recoveries at flow rates above 4 ml/min.
Molecularly imprinted polymers (MIP) were also evaluated as a selective SPE sorbent. 
Tamoxifen MIP was prepared using a simple laboratory set-up. Tamoxifen templates 
were removed from the MIP sorbents by methanol/acetic acid (4:1). The optimisation 
of the MIP showed acetonitrile to be suitable as a washing solvent and 
acetonitrile/acetic (4:1) as an elution solvent. A standard curve o f tamoxifen in 
acetonitrile was linear with r=97%. However, MIP demonstrated different levels o f 
affinity to morphine, chlortoluron, clenbuterol and oxyprenolol. This may be due to the 
non-specific binding o f the drugs to the tamoxifen MIP sorbents. Tamoxifen in urine 
and plasma was successfully extracted by the tamoxifen MIP.
The study indicated that immunoaffinity and MIP sorbent have excellent potential as a 
selective SPE resulting in high extraction efficiency and clean chromatographic tracing. 
However, further studies and optimisation are necessary before both methods could 
replace the present sample preparation procedures such as SPE and solvent extraction 
in a routine laboratory.
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CHAPTER 1 INTRODUCTION
1.1 General introduction
Sample preparation in instrumental analysis is a procedure used to isolate and 
concentrate the compounds o f interest from matrices, because most analytical 
instruments cannot handle a complex matrix directly. The procedure is intended to 
remove interference in the sample which results in a cleaner extract, and hence 
improves the specificity o f an assay by removing the majority o f the matrix whilst 
concentrating the analyte (McDowall, 1989). Pre-treated samples will not only 
provide well defined results but will also prolong the life o f analytical columns in 
separation methods.
Sample matrices o f biological origin containing protein, metabolites, salt and other 
complex materials often mask the analytes and make identification o f analytes 
impossible. Injection o f biological samples directly into a chromatographic column will 
often shorten the life o f High Performance Liquid Chromatography (HPLC) columns 
(Stevenson, 1996). On the other hand, the impurities in the sample will also affect the 
performance o f the detector by contaminating the detector cell. According to 
McDowall (1989) the main objective o f sample preparation is to remove interfering 
materials such as protein and non-protein materials that could decrease the 
instrument’s resolution. Once the interfering substances are removed, the analytes are < 
solubilised before introduction into the analytical instrument. In some instances, 
analytes are concentrated to within detection limits o f instruments, otherwise they are 
diluted to reduce solvent strength, viscosity or solvent incompatibility. The solvents 
used should be able to stabilise the analyte to avoid degradation. Sample preparation 
should also remove materials that could prevent the proper functioning o f analytical 
instruments such as blocked frits, columns and injectors (McDowall et a l,  1989).
In analytical determination, sample preparation is by far the most demanding and time
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consuming step. About 61% o f all the time spent on the analytical procedure is related 
to sample preparation, while 30% of all the errors generated during the total analytical 
procedure are caused by sample preparation (Majors, 1991). Recent years have seen 
the introduction o f many labour and cost saving sample preparation techniques which 
range from SPE cartridges to the most intelligent microprocessor controlled 
instruments such as on-line automated sample preparation systems and robotics.
1.2 Importance of drug analysis
Many new techniques have been developed for drug analysis in the last fifty years 
catering for various areas which have different needs for instrument sensitivities. 
There is a growing demand for drug analysis particularly in the pharmaceutical 
industries and medical research (Law, 1997).
1.2.1 Pharmaceutical analysis
Increased demands for biological safety and quality control of medicines have been 
matched in recent years by progress in the development of sophisticated techniques for 
impurities and degradation products over the last 10 years (Lee et a l,  1997). Public 
awareness of the potential dangers of certain pharmaceutical products and formulations 
has also played an important role in the development of pharmaceutical analysis. 
Specifications for pharmaceutical substances are designed to ensure that impurities 
which they contain, do not compromise the efficacy and biological safety o f the 
finished product. Some pharmaceutical formulations may contain adulterants which 
have undesirable side effects for the user. Imitation and inferior pharmaceutical 
products are found to be abundant in the market.
In the Second International Conference on Harmonisation (ICH-2) held in October 
1993 (Lee et a l,  1997) detailed guidelines concerning threshold levels were presented. 
The guidelines recommend that any unknown organic impurity greater or equal to
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0.01 % in new molecular entities produced by chemical synthesis is identified. Using 
mainly chromatographic and electrophoretic techniques, impurities must be determined 
at a sensitivity consistent with the ICH guidelines with the best possible accuracy and 
precision.
1.2.2 Drug abuse monitoring
Drug addiction has become one o f the leading social diseases throughout the world 
today. Many countries have introduced urine testing in all new employment, schools, 
government departments, armed forces and police in order to monitor the rate o f drug 
addiction. This analysis requires instruments for screening a large number o f samples 
and sensitive equipment for the confirmation of the identity o f the drugs. The drugs 
most often tested include narcotics such as heroin, amphetamine, morphine, cocaine 
and cannabinoids. There are also a growing number o f new drugs o f abuse such as 
cocaine and metabolites, benzodiazepines, methadone, codeine and other opiates 
(Goldberger & Cone, 1994). Sample matrices for drug abuse monitoring include urine, 
blood, plasma and serum.
1.2.3 Forensic toxicology
Drug analysis ! is used as one o f the many laboratory investigations to attempt to 
provide answers to questions that may arise during criminal investigation or in court 
proceedings (Jackson, 1986). The results o f the analyses may provide clues, for 
example, to clinical history o f a deceased patient or use the results to refute or confirm 
allegations about doping prior to criminal act (e g rape, murder). The laws governing 
the possession and the use o f drugs have increased the workload o f many forensic 
laboratories.
Drug analysis plays an important role and has been one o f the main features in forensic 
toxicology. The analyses carried out are complicated due to the nature o f samples 
which include blood stains, tissue, organs such as liver and kidneys, hair and stomach
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contents.
1.2.4 Therapeutic drug monitoring
The main drugs for which therapeutic drug monitoring (TDM) has been found useful, 
are those that affect metabolism, activity, function or other attributes o f the patient’s 
own tissues, affecting the specific receptors or enzyme activities in the cell, in a 
reversible and concentration dependant manner (Marks, 1986). TDM is useful in 
distinguishing between under dosage and overdosage o f drugs (e.g digoxin, 
nortriptyline) and in the adjustment o f drug dosage (e g theophylline, phenytoin, 
lithium). The role o f TDM in pediatric anticonvulsant drug dosing has recently been 
reported (Walson, 1994).
Many hospitals and health centres are now geared towards analysing therapeutic drugs. 
The most commonly used matrix for this type o f analysis is plasma. TDM usually 
requires specificity to distinguish the drug to be monitored from similar compounds or 
co-administered drugs (McDowall et a l ,  1989). The instruments used are 
immunoassay techniques such as radioimmunoassay (RIA), fluorescence polarisation 
immunoassay (FPIA) and enzyme immunoassays such as enzyme multiplied 
immunosorbent assay (EMIT) or enzyme linked immunosorbent assay (ELISA) 
techniques. The use o f thin layer chromatography (TLC), gas ghromatography (GC) 
and high performance liquid chromatogaphy (HPLC) for therapeutic monitoring are 
well established (Marks, 1986).
• 1.2.5 Doping control In sports
Doping control has become one o f the strongest measures to reduce the impact o f drug 
abuse in sports. Among the banned pharmacological substances, the most relevant to 
sports medicine are anabolic agents, stimulants, narcotics, peptide hormones, diuretics, 
masking agents and adrenergic p-blockers (Segura, 1996).
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The analytical procedure usually requires urine collection for screening as well as a 
confirmation procedure. A protocol has been set up by the International Olympic 
Committee (IOC) for specimen collection and samples are screened using GC, HPLC 
and also immunoassay techniques such as EMIT, RIA and FPIA. Positive (true and 
false) results have to undergo a confirmation procedure (Hammersbach & delaTorre, 
1996). The confirmation procedure requires an extraction protocol followed by Gas 
Chromatograph-Mass Spectrometer (GC-MS) or Liquid Chromatograph-Mass 
Spectrometric (LC-MS) analysis (Mueller et a l, 1995). Another important area for 
drug analysis is doping in horse-racing (Moss & Cowan, 1986).
1.2.6 Pharmacokinetics and metabolism studies
Questions about the type o f drug taken, the dose level, the route of administration and 
the time the drug is taken are all important parameters in the study o f a particular drug 
(Tilstone & Stead, 1986). Measurement o f the physiological level o f the drug 
circulating in the body can determine the extent o f chronic or acute exposure to a 
particular drug. In most cases blood, plasma or urine is analysed to monitor drugs or 
their metabolites affecting a target organ. Such investigations require specific and 
sensitive analytical methods (McDowall, et a l,  1989). The type o f sample matrices, 
instrumentation and drug varies depending on the physical and chemical properties o f 
the drug.
1.3 Bioanalytical process
The analytical process is the means by which chemical information is obtained from a 
sample. The bioanalytical process can be divided into six stages (McDowall, 1989) as 
depicted in Figure 1.1. However, the most challenging stages o f a bioanalytical 
process are the sample preparation and identification of the analyte.
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Figure 1.1: Stages in bioanalysis
1.3.1 Biological samples
There are currently many different forms of sample that are requested for analysis, the 
major types being liquid and solid samples. When a laboratory receives a sample for 
analysis, the form of sample is identified. For liquid samples, one has to determine 
whether the sample is suitable for direct ; analysis or whether it needs to be extracted. 
For direct injection, if  the sample is too concentrated it has to be diluted 
appropriately. For very dilute samples, the sample injection volume should be increased 
or the sample has to be concentrated by liquid-liquid extraction, solid phase extraction 
(SPE), evaporation or lyophilisation (McDowall, 1989). Samples that are known to be 
reactive, and are thermally or chemically unstable, can be stabilised by derivatisation, 
keeping them at low temperatures (4 °C for biological samples) or not exposing them 
to light or air. Additives are also commonly used. Samples containing unwanted high 
molecular weight components should be treated either by dialysis, ultrafiltration, or 
precipitation (Poole et al., 1990). Particulates in the samples can be
6
removed by filtration, centrifugation or sedimentation.
For the analysis o f solid materials, samples have to be broken down to a suitable size 
for analysis (Majors, 1996). For hard solid samples, the samples are either milled, ground, 
pulverised or crushed. For a semi-soft or soft matrix, samples are chopped, macerated, 
blended, cut, minced or homogenised. The sample should be dissolved in a suitable 
solvent without affecting the analytes.
1.3.1.1 Blood, plasma and serum
Whole blood consists o f solubilised proteins, dissolved fats and salts and the major 
constituent is the red blood cell or erythrocytes. Serum can be obtained from the 
whole blood by allowing the blood to clot for several hours while plasma is normally 
prepared by adding anticoagulant to whole blood and separating the plasma from the 
red blood cells by centrifugation (Nelson, 1972). Blood, plasma and serum contain 
numerous endogenous compounds often present at concentrations much greater than 
those o f the analyte. One o f the most important features o f blood, plasma or serum 
analysis is the presence o f proteins at relatively high concentration (Chamberlain,
1985). Usually serum or plasma is preferred to whole blood.
1.3.1.2 Urine
Unlike blood, serum and plasma, urine is protein free. The composition o f urine varies 
widely and so does the volume passed by different individuals. Urine contains large 
amounts o f different types o f organic compounds and acids, which often cause 
problems during sample clean-up. Moreover, urine analysis does not provide the 
actual picture o f drug intake (Chamberlain, 1985).
1.3.1.3 Other biological matrices
Tissue samples such as kidney, fat, muscle and liver share many o f the features o f 
blood, plasma or serum. However, these tissues have to be homogenised to solubilise
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the analytes, in a suitable reagent, for example, a buffer. There are several other less 
common matrices used. These include bile, sweat, saliva, hair, faeces, lung and bone. 
Saliva and hair analysis has been well accepted in recent years. The concentration o f 
analyte in saliva is often quite close to that in plasma (Mucklow, 1982; Stevenson,
1996). Sample preparation for saliva is carried out similarlyfo plasma and serum but; 
without the initial protein precipitation step (See Section 1.3.2). Hair analysis has also 
been recognised as a tool for the elucidation o f retrospective drug abuse over a period 
of one to several years (Moeller, 1992; Nakahara et cd., 1994).
1.3.2 Sample preparation procedures
The aim o f sample preparation is to produce the sample in a form that is suitable for 
introduction into the measuring instrument. Therefore, to characterise analytes in a 
complex sample, a clean-up procedure is necessary to remove interfering components 
of the matrices as well as concentrating the drug to its detectable limits. Interferences 
and impurities in the samples are carefully removed from the matrices so that only the 
constituents o f interest are retained.
Sample preparation is generally classified into solvent extraction, gas phase extraction 
and soibent extraction. While gas phase extraction continues to have limited 
application in the sample preparation o f drugs, solvent extraction is still widely used. 
Many sample preparation practices are still based on classical technologies such as 
soxhlet extraction and liquid-liquid extraction. The newer sample preparation 
techniques have been hindered in their development by the regulatory bodies which 
require practitioners to follow approved traditional methods (Pawliszyn, 1995). These 
traditional sample preparations are not only time consuming but use toxic organic 
solvents. They also have multi-step procedures that are likely to lose analytes in the 
process.
Table 1-1 shows a summary o f the sample preparation procedures currently employed 
in the analytical laboratory.
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Table 1-1 Sample preparation procedures prior to chromatographic analysis 
(Stevenson, 1996, McDowall et a l,  1989).
liquid handling centrifugation
solvent extraction evaporation
pH change freeze drying
chemical derivatisation enzyme digestion
SPE hydrolysis
soxhlet extraction column switching
steam distillation low temperature storage
homogenisation column chromatography
protein precipitation microwave
dialysis headspace analysis
sonication ultrafiltration
HPLC Supercritical Fluid Extraction (SEE)
1.3.2.1 Solvent Extraction
1.3.2.1.1 Liquid-liquid extraction
Extraction involves the separation o f analytes from interferences by partitioning the 
sample between two immiscible liquids or phases, one being an aqueous solvent, the 
other an organic solvent. The choice o f two immiscible liquids is important for the 
selectivity and efficiency o f the extraction. The partition of an analyte A, between two 
liquids is presented by :
[A]aq <-> [A]org (1)
The partition coefficient, K, is then the equilibrium distribution constant for the 
reversible equilibrium
K= fAl ore (2)
[A] aq
where [A]aq is the concentration o f analyte in the aqueous phase and [A]org is the 
concentration of analyte in the organic phase.
Analytes are extracted into organic solvents only if they possess sufficient lipophilic
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character to be attracted into a non-polar solvent (McDowall, 1989). Solvent polarity 
is an important consideration when planning a solvent extraction. Other factors 
affecting the choice of solvent for extraction include boiling points, density, toxicity 
and purity. In aqueous and organic solvent pairs, the more hydrophilic compounds 
prefer the aqueous phase while the more hydrophobic compounds are found in the 
organic solvent (Majors, 1997). It is often preferable to isolate analytes o f interest in 
the organic solvent because the solvent can be evaporated easily. On the other hand, if 
reversed phase HPLC is used, analytes can be isolated in the aqueous phase and 
thereby injected directly to the HPLC.
The selectivity of the liquid-liquid chromatography can be influenced by the choice of 
additives which affects the equilibration process (Majors, 1997). Such additives, for 
example acids, suppress the ionisation o f carboxylic acid functional groups, and allow 
the analyte to be extracted into an immiscible organic solvent. In ion suppression, an 
acidic pH will optimise the extraction o f an acid into organic solvent and a basic pH 
will optimise the extraction o f a base. On the other hand, adding an ion pair, chelating 
agent or buffer salts can also affect solute equilibrium and improve the extraction 
efficiency. For ion pairing, a pH is selected in order to promote ionisation while a 
pairing reagent of opposite charge is added to the sample. This will form a less polar, 
electrically neutral complex with the analyte, which aids extraction o f analyte into the 
organic solvent (Majors, 1997; Dolan, 1994). Ion pair extraction is therefore useful 
when trying to extract strongly acidic or basic compounds.
There are new innovative modifications to the classical liquid-liquid extractions such as 
the continuous liquid-liquid extraction, countercurrent distribution, microextraction, 
on- line extractions and automated extractions (Majors, 1997). However, the move to 
solvent-free sample preparation or sorbent extraction is necessary because of the new
j regulatory restrictions on the use of large volumes o f organic solvents.
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1.3.2.1.2 Microwave assisted extraction
Chemical compounds absorb microwave energy in proportion to their dielectric 
constants, the higher the value of the dielectric constants, the higher the microwave - 
energy absorption (Majors, 1995). Therefore, in microwave assisted solvent extraction, 
one can either use a microwave absorbing solvent (high dielectric constant) or non­
microwave absorbing solvent (low dielectric constant).
Microwave assisted extraction has been accepted as one of the sample preparation 
procedures in recent years. Samples, usually solid, are placed in an organic or an 
aqueous solution in an open vessel or in a closed container. In the non-absorbing 
extraction solvent, the sample^  which normally contains water or other components^ 
absorbs the microwave radiation and the heated analytes are extracted into the 
surrounding cool liquid, often an organic solvent, selected according to its low 
dielectric constant. The advantages of this mode of extraction are that the method can be 
used for heat-sensitive or thermally labile analytes. For the microwave- absorbing 
extraction solvent, the microwave radiates the solvent to a higher temperature than its 
boiling point for a controlled period of time resulting in a rapid extraction o f analyte 
(Majors, 1995).
Microwave-assisted extraction uses less extraction solvent than conventional solvent 
extraction.
1.3.2.2 Gas phase extraction
In gas phase extraction methods, volatile analytes are partitioned into a gas phase while 
non-volatile high molecular mass compounds are eliminated. One o f the advantages o f 
this method is that it will prevent contamination o f the separation column. However 
the method is only suitable for volatile compounds.
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1.3.2.2.1 Headspace analysis
This technique allows the detection o f volatile substances in a liquid sample and 
minimises the contamination o f the analytical column. A small volume of sample ( 0.2 - 
0.5 ml) o f the sample is placed in a vial sealed with a septum disk, lined with 
polyethylenefluoroethylene (PTFE). The vial is equilibrated at an appropriate elevated 
temperature for about 10 minutes. A sample is then injected into the column. The 
technique is normally used in the GC or GC-MS analysis o f ethanol and other organic 
solvent in blood and other samples which contain volatile substances (Leach & 
Ramsey, 1986). The incubation time and temperature must be sufficient to ensure 
complete evaporation of the volatile component into the head-space. Headspace 
analysis has also been used in the GC-MS analysis o f volatile drugs, such as 
amphetamines and methamphetamines (Tsuchihashi et a l ,  1991).
1.3.2.2.2 Supercritical Fluid Extraction
The supercritical fluid extraction (SFE) procedure can be divided into 3 major steps. 
Analytes are first partitioned from the matrix into the supercritical fluid. This is 
followed by the elution o f the analyte from the extraction cell. Finally the analytes are 
collected in the SFE trapping system (Hawthorne et a l,  1993).
In SFE, the solvating power o f a supercritical fluid plays an important role in the 
extraction process. The efficiency o f SFE depends mainly on the optimum pressure and 
temperature. Carbon dioxide is the most commonly used supercritical fluid. In addition 
to its favourable physical properties, such as low critical temperature (31°C) and 
pressure (72 atmospheric pressure), carbon dioxide is inexpensive, safe and abundant 
(Chester et a l,  1996).
The advantages of SFE are that the solvation power can be varied easily by changing 
the system temperature and pressure. They have diffusion properties intermediate 
between those gases and liquids, with low density and viscosity similar to liquids.
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Therefore fast mass transfer and deep matrix penetrations can be obtained (Fischer & 
Jefferies, 1995).
SFE o f drugs in biological fluids are still very much in the development stages. Polar 
modifiers were employed with carbon dioxide to extract opiate alkaloids since 
extraction o f opiates in urine required adsorption onto solid support. Liu and 
Wehmeyer (1994) added an anti-foaming agent to plasma, prior to neutral and acidic 
drug extraction, to avoid restricter plugging, caused by the dénaturation o f plasma 
proteins by the supercritical fluid.
1.3.2.2.3 Membrane extraction
Membrane extraction consists o f two simultaneous processes: extraction o f analytes 
from the matrix by a membrane and extraction o f the analytes from the membrane by a 
stripping phase. Most recent developments o f membrane extraction techniques use a 
self supporting hollow fibre which provides a higher surface-area to volume ratio for 
the stripping gas, thus increasing the efficiency o f the extraction. The use o f Membrane 
Extraction Sorbent Interphase (MESI) provides a very efficient way o f hyphenating 
sampling and sample preparation techniques (Pawliszyn, 1995). The analytes diffuse 
through a polymeric hollow fibre membrane interface into the GC carrier gas line and 
are adsorbed onto a sorbent. The concentrated analyte is then thermally desorbed 
periodically onto a GC column for analysis. Membrane extraction is normally limited 
to the analysis of volatile compounds. More recently it has been applied to semi-volatile 
compounds using a high density (carbon dioxide) stripping gas (Yang & Pawliszyn,
1993).
1.3.2.3 Liquid-solid extraction
1.3.2.3.1 SPE
A good understanding o f SPE is essential because it forms the basis o f the new
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generation o f sample preparation procedures which use sorbent technology. Currently, 
SPE has been widely used as a sample preparation method in many fields o f analysis 
including enviromental, biomedical and agrochemical applications.
SPE is based on the greater affinity of an analyte for solid phase sorbent rather than a 
sample matrix, which can subsequently be removed from the sorbent using a suitable 
solvent (Martin-Esteban et aL, 1997). The SPE method using plastic cartridges or flat- 
membrane disks is non-specific but can be made more selective with a better 
understanding o f the retention and elution mechanism o f the SPE. The 
misunderstanding among analysts about the use of SPE is that it has a universal pattern 
(McDowall, 1994) as follows:
a. use of CIS column
b. activation with methanol
c. washing with water
d. loading of sample followed by washing cartridge with water
e. elute analyte with acidified or basified methanol
f. evaporate solvent and reconstitute with HPLC mobile phase.
Following this pattern may successfully isolate some compounds but |is often not 
applicable to many other compounds. It is therefore necessary to understand the 
interactions between the analyte, matrix and sorbent before using SPE for analyte 
isolation.
1.3.2.3.1.1 SPE retention mechanism
The fundamental retention equation for any chromatographic process (Karger, 1971)
V r =  V m +  K Y s (1 )
where V r is the retention volume o f a sample component representing the number of 
millilitres o f mobile phase required to pass through the column to elute the sample. K 
is the equilibrium distribution coefficient partition coefficient), V m is the total volume 
of mobile phase and Vs is the liquid volume of the stationary phase.
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Often, retention is given in terms o f net retention volume (V n ) ,
V n =  V r - V m =  K .V s ( 2 )
The capacity factor, k', is defined as
k' = K _ Y s  = amount o f solute in stationary phase (3)
Vm amount o f solute in the mobile phase
The capacity factor measures the extent o f chromatographic distribution behaviour that 
the sample undergoes in its travel through the column.
Combining equation (1) and (3):
V r = Vm (1 + kz ) (4)
Thus, from the equation (4) , when k - 0 ,  VR = VM
When flow rate is constant, equation (4) can be converted to retention, and rearranging 
the equation, gives
k' = tp -  to (5)
to
where Ir is the retention time o f the sample component and to is the retention time o f
a non-adsorbed component.
With to = column length (L)
mobile phase velocity(v)
equation (5) can be written as
1r =  L  (1  +  k ')  (6 )
v
Equation (6) gives a fundamental relationship between retention and equilibrium, 
column length and mobile phase velocity (Karger, 1971).
The extraction scheme using SPE is a two-step procedure, extraction and elution. The 
extraction step retains analyte on the solid phase to allow isolation and clean-up, while 
the elution step rapidly elutes the analyte in the smallest possible volume o f eluent prior
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to analysis. It should be emphasised that for a HPLC analysis the capacity factor k ' is j 
normally in the range o f 1 - 10. On the other hand, for SPE, k ' should ideally be 
I greater than 1000 for retention and less than 0.001 for elution (McDowall, 1994).
Owing to recent regulatory pressure to use less organic solvents in an analytical 
laboratory, SPE is becoming the primaiy technique for extracting and concentrating 
traces o f drugs from biological fluids. The advantages o f SPE compared to liquid- 
liquid extraction are that the extraction is inexpensive, rapid, simple, uses only a small 
amount o f solvent and can be easily automated. The disadvantages o f using SPE 
cartridges are that they have low recovery due to interaction between sample matrix 
and analyte and blocked columns. They are also non-selective, have a high carry over 
and poor reproducibility due to batch-to-batch variation leading to columns that are 
not re-usable (Pawliszyn, 1995; McDowall, 1994).
1.3.2.3.2 Affinity sorbent extraction
Affinity chromatography is a separation technique in which the material to be 
separated is selectively adsorbed onto an immobilised secondary molecule. Using 
affinity chromatography, specific molecules can be isolated from complex mixtures o f 
biological materials on a functional rather than a physicochemical basis (Philips, 1989). 
The immobilised secondary molecule can be an enzyme, enzyme inhibitor, lectin, 
antibody or other molecule that reversibly and bioselectively binds to the 
complementary molecules in the sample. Isolation o f the analyte takes place by the 
concentrating effect from a larger volume, with specific interaction occurring between 
the solid phase bound group (ligand) and the substance to be separated (affinity 
component) (Mohr & Poomerening, 1986). Although affinity sorbents have existed 
since the beginning o f the nineteenth century, the immobilisation o f ligands to solid 
supports using cyanogen bromide is an enormous breakthrough in the development o f 
modem affinity sorbents (Axen et al., 1967).
Affinity ligands can be divided into specific and general ligands. When using a specific
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ligand e.g an antibody, one is able to isolate one analyte per ligand molecule. Affinity 
sorbents with specific ligands are useful for assays o f just one solute and may have a 
separation time o f as little as one minute. It is also useful for repetitive types o f 
separations such as industrial and laboratory purification and clinical analysis. For 
general ligands such as nucleotide analogue, solutes with a certain functional group can 
be isolated (Walters, 1985). The use o f rigid, solid supports led to the development o f 
high performance affinity chromatography by Ohlsen et dr/.(1978).
Affinity chromatography sorbents are now widely applied in DNA research, enzymes 
and other protein analysis, receptor and peptides purification, small molecular weight 
ligands and numerous other biotechnology applications (Parikh & Cuatrecasas, 1993).
The use o f antibody mediated sorbents or antibody based SPE is relatively new. 
Antibodies specific to a compound or a group o f compounds are immobilised onto a 
solid phase such as sepharose gel or silica. Samples containing analytes are applied to 
the sorbent bed. Analytes specific to the antibody will be retained in the column. The 
sorbent is washed using distilled water or a suitable buffer (phosphate buffer,|phosphate 
buffered saline) to remove interfering components. Analytes are eventually desorbed 
from the sorbent using a suitable elution buffer.
Another recent addition to the affinity chromatography is the molecularly imprinted 
polymer (M3P) technology. To prepare M P, a selected print molecule is allowed to 
establish a non-covalent interaction with a polymerisable monomer which is 
subsequently co-polymerised with crosslinkers to form a polymer network. Following 
the removal o f the print molecule, specific recognition sites are left in the polymer 
where spatial arrangement o f the functional groups are networked together with a 
shape image corresponding to the imprinted molecule (Wulff, 1995). MIPs are viewed 
as a good prospect in the sample preparation procedure as an alternative to antibody 
mediated sorbent extraction.
Description o f immunoaffimty sorbents and MIP will be dealt with in greater detail in
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Section 1.4, which is a section dedicated to selective SPE sorbents based on affinity 
chromatography.
1.3.2.3.3 Solid Phase Micro-Extraction
A relatively new addition to the technique o f sample preparation is solid phase micro­
extraction (SPME). This involves exposing a polymer coated fused silica fibre to a 
sample and allowing the analytes to partition into the stationary phase. After achieving 
equilibrium the fibre is removed and the analyte is thermally desorbed into a GC or 
GC-MS (Pawliszyn, 1995; Potter & Pawliszyn, 1992). SPME is an inexpensive, rapid 
and solvent-free extraction method for the isolation o f analytes, and can be used to 
extract compounds from aqueous samples (Arthur et al., 1992; Louch et al., 1992). 
The technique is useful for concentrating analytes from liquid, gaseous or headspace 
samples with equal success. So far, most SPME applications have been in the 
analysis o f enviromental samples such as PAH and PCB using headspace GC (Chai et 
a l,  1993; Potter & Pawliszyn, 1994) as well as flavour analysis (Yang & Peppard,
1994). In drug bioanalysis, SPME has found its application in the analysis o f  
amphetamines and its metabolites in urine (Centini et a l ,  1996) and also in the analysis 
of anorectic compounds, phendimetrazine and fenfluramine in urine by GC (Chiarotti 
et a l,  1997). The advantages o f SPME are that it is compatible with various GC 
injector designs, independent o f the instrument manufacturer and can be completely 
automated (Arthur et al., 1993). However the application of SPME is currently 
limited to compounds that can be volatilised on a GC or GC-MS.
1.3.2.4 Hydrolysis
Analytes in urine are most often excreted as a glucouronide or sulphate conjugate. 
These conjugated analytes are very polar and seldom determined directly. Samples are 
normally hydrolysed by acid, base or an enzyme, for example, (3-glucuronidase , to 
release the parent compound before analysis is carried out (Moffat, 1986). Some 
metabolites, for example, morphine-3-glucuronide i and morphine-6-glucuronide : have
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been analysed, without prior hydrolysis, in order to study the pharmacokinetics o f the 
morphine (Joel et ah, 1988; Osborne et al., 1990, Osborne et al., 1993).
1.3.2.5 Dialysis
Dialysis involves the separation o f higher molecular weight compounds from those of 
lower molecular weight by virtue of their differing permeation rates through 
membranes (Poole et a l ,  1990). Dialysis is generally overlooked as a separation 
technique since it requires large volumes and long analysis times (Huang et a l,  1995).
1.3.2.6 Protein Precipitation
Analytes in blood, plasma, serum and saliva are rarely determined directly. In order to 
remove protein interference in an assay or analysis, the proteins are precipitated. After 
centrifugation, the resulting supernatant can be analysed. Precipitation can be 
achieved by heating, treatment with acid or base, adding organic solvents such as 
acetone, methanol or acetonitrile or chaotropic agents to the samples (Stevenson, 
1996; Chamberlain, 1985).
1.3.2.7 Column switching
Column switching is normally used in HPLC analysis although it is also possible to use it 
with GC (Guilluy et a l ,  1992, Tuan et a l,  1994). Samples are injected directly into 
the HPLC, where analytes are retained in an extraction column. The column is then 
washed with buffer to remove interfering substances. After a set time, turning the 
switching valve will allow a second solvent to elute the analytes into an analytical 
column for separation and detection (Ramsteiner, 1988). Columns can be o f similar 
types or contain different stationary phases. Complete automation is possible with 
column switching techniques.
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1.3.2.8 Automated sample preparation
In the recent years much effort has been devoted to the automation o f sample 
preparation. Successful automation could provide a greater throughput o f samples, 
more accurate methods, cost savings and can free laboratory staff to undertake more 
interesting tasks and productive work.
Classical liquid-liquid extraction is labour intensive; when the sample load increases 
beyond a reasonable level. Many instrument manufacturers have developed 
instrumentation that can automate all or a portion of the extraction and concentration 
process. For automated liquid-liquid extraction systems, dispensing and mixing are 
carried out in sample vials or tapered microvials. The mixing of solvents and samples is 
carried out either by using an autosampler needle, to sip the organic solvent and 
dispelling back and forth into the sample vial or by using vortex mixing to spin the 
vial at high speed. By controlling the depth of the needle, either the top or the bottom 
layer can be removed for injection or for further sample preparation (Majors, 1997). 
The advantage of this system is that it uses small amounts of solvents compared to the 
conventional solvent extraction.
SPE has been successfully automated by several manufacturers. One o f the popular 
SPE automated system is the Automated Sample Preparation with Extraction 
Columns (Gilson-ASPEC), which allow samples to be applied to the SPE cartridges 
and linked on-line to the HPLC. The processes o f column conditioning, sample 
application, column wash, pH adjustment and elution of drugs are fully automated 
(Chen et a l,  1993. Becker, 1997). The availability of the ASTED-system (Automated 
Sequential Trace Enrichment o f Dialysates) have opened ways for complete 
automation of the dialysis technique. In the ASTED system, the recipient solution is 
constantly replaced in a flowing system. The diluted recipient solution is then 
concentrated on-line using an extraction cartridge. After enrichment, the cartridge is 
switched to a HPLC system for analysis. Huang et al. (1995) evaluated the ASTED 
system for application in ligand binding assays.
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1.3.3 Identification procedures
After the sample preparation is carried out, the sample extract is ready to be 
submitted for analysis. The extracts submitted for analysis rely mainly on their nature 
of the extracts and suitability to the analytical instruments. For samples using liquid- 
liquid extraction, organic solvents are either concentrated or dried and are redissolved 
in a suitable solvent for introduction into the analytical instrument. The analyte in 
question must be soluble in the solvent to ensure reliable results in the analysis.
The most challenging task for the analysis o f drugs is when they are in the biological 
matrices. In the last two decades there has been a phenomenol increase in the demand 
for the analysis o f drugs in biological samples, mainly in the areas o f forensic and drug 
abuse monitoring. For drug abuse monitoring and doping control, protocols have been 
established by the international bodies such as Food and Drug Administration (FDA) 
in the USA and the International Olympic Conumttee, on sample collection, screening 
and confirmation procedures for the analysis o f drugs in biological samples 
(Christopherson & Morland, 1994; Hammersbach & delaTorre, 1996). In general, for 
the drug bioanalysis, two important protocols are followed.
1.3.3.1 Screening
A screening procedure is carried out in order to reduce the time required to analyse a 
large number of samples using a fast reliable method (Stewart, 1986). These tests are 
devised for field analysis and do not require elaborate sample preparation or trained 
personnel to analyse them. Screening procedures are now often used for screening 
biological samples in drug abuse monitoring and doping control analysis.
1.3.3.1.1 Immunochemical methods
The most common screening procedure is the immunoassay technique (Stewart, 1986). 
The principle ^ components in enzyme immunoassay are a drug labelled with a specific
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enzyme, an antibody specific to the drug, a substrate capable o f producing a 
measurable optical signal when catalysed by the enzyme and the sample for the assay. 
Figure 1.2 showed a schematic representation o f an immunoassay procedure.
Figure 1.2: A schematic representation of an enzyme immunoassay. Drugs in the 
sample compete with enzyme labelled drug for antibody. The displaced enzyme 
labelled drug will react with substrate to form a product which causesr changes in 
the optical signal (Stewart, 1986).
Immunoassay is a rapid technique that is highly cost effective. Most immunoassays are 
fully automated and can be easily adapted to analyse large sample loads. Enzyme 
immunoassay (e.g EMIT, supplied by Syva-Coming), Fluorescence Polarisation 
immunoassay (e.g Tdx supplied by Abbott Laboratories) and radioimmunoassay 
(supplied by Wellcome or Amersham Ltd) are used mainly to screen a large quantity 
of drugs in urine, plasma and serum samples. The enzyme linked immunosorbent assay 
technique (ELISA) has been well accepted in recent years for the screening o f drugs 
due to its highly selective method for identification and quantitation (Kronkvist et aL, 
1993, Stanley efaA, 1994, Godfrey et a l ,  1997).
Using automated analysers, samples are loaded on trays and analysed. Several 
thousands o f analyses can be run in a day. However immunoassay methods are not 
accepted as a confirmatory method because the polyclonal antibodies used for the 
technique are not specific to only one compound but can cross react with other 
compounds with the same groups to produce false positives. All true and false
Antibody + Enzyme labelled drug
Substrate Product
Free drug in sample
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positives have to be sent for confirmatory analysis using chromatographic procedures 
(Goldberger & Cone, 1994). Even though monoclonal antibodies could be used, the 
kits are expensive for routine analysis. Immunoassays such as RIA have a limited shelf 
life and this sometimes causes inconvenience to the laboratories. [
1.3.3.1.2 Colour test
Many substances give a distinct colour when reacted with various chemical reagents. 
However the range o f colours produced is so wide that it is difficult to identify a 
particular compound accurately. Besides having poor specificity, colour tests are not 
sensitive and usually require 1 mg o f drug to give reliable results (Stevens, 1986). 
Because o f their poor specificity and sensitivity, screening procedures using colour 
tests are now rarely used for the identification of drugs in biological fluids. Table 1-2 
showed some of the colour reagents still used today.
Table 1.2: Commonly used colour reagents for presumptive test and in TLC 
identification procedures (Stevens, 1986)
Colour reagent_______ Indications_____________________ ____________ _______
Dragendorff reagent An orange, red-orange or brown-orange indicated the
presence o f alkaloidal base, positive for primaiy, secondary 
and tertiary amines 
Duquenois reagent Violet blue for cannabis
Ferric chloride R ed, orange, green, blue, violet or brown indicate presence
o f phenolic, fatty acid.
Forrest reagent Red, pink, orange, blue and violet for phenothiazines.
Formaldehyde- Orange colour for benzodiazepines,
sulphuric acid
lodoplatinate reagent A violet, blue-violet, brown-violet or grey violet indicate
the presence o f an alkaloidal base 
Marquis reagent violet for compounds with aromatic rings
Schiff reagent violet for compounds with aliphatic aldehyde
Sodium dithionate Green for diquat, blue for paraquat
conc. sulphuric acid Orange or yellow for steroids____________________ _______
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1.3.3.2 Confirmatory procedures
Confirmatory analysis is carried out to confirm the presence o f an analyte o f interest 
and uses a definitive method o f analysis recommended by guidelines issued by various 
international bodies such as National Institute o f Drug Abuse (NDDA) and the 
International Olympic Committee (Bush, 1990; Wu et aL, 1992). According to the 
guidelines, confirmatory analysis should be carried out for the analysis o f forensic, 
medico-legal cases. This procedure has been recognised in court. In all cases, the main 
procedure for confirmatory analysis is sample preparation or pretreatment followed by 
the analysis o f drugs using an established chromatographic procedure. GC-MS and 
LC-MS methods are now . the most acceptable confirmatory analyses. Other 
chromatographic methods such as HPLC and GC are still widely used for routine drug 
monitoring and screening.
For HPLC analysis, the most widely used solvent to redissolve the extract is the HPLC 
mobile phase. However some SPE procedures allow direct injection o f the eluted 
fractions into the HPLC. Most TLC and GC applications require solvents to be
evaporated to dryness and the extract to be redissolved in organic solvents such as 
; methanol, hexane, dichloromethane and chloroform. Organic solvents that are 
; corrosive and have other undesirable effects on the instrument detector should be 
[avoided.
1.3.3.2.1 Chromatographic analysis
1.3.3.2.1.1 Thin Layer Chromatography
The TLC technique is still widely used today despite the introduction o f other 
sophisticated separation techniques such as GC, HPLC, GC-MS and LC-MS. In TLC, 
sample extracts are dissolved in suitable organic solvents and are applied at the base o f 
a TLC plate. After drying the applied extracts, the plate is placed in a TLC 
developing tank containing a mobile phase. An extract o f the drug standards to be
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separated is often placed among the samples. Separation by TLC takes place by 
migration o f analytes from the applied position to an end position 10 cm from the 
applied point. After the migration is completed, the plate is removed from the tank and 
dried in the fume cupboard.
Compounds are identified by reagents as visible coloured spots or ultra violet 
illuminated spots on the plate (Moffat, 1986). The identification o f analytes in 
biological fluids requires a good sample clean-up. This is needed to remove the 
interfering substances that could mask the TLC spot especially in the analysis o f drugs 
in complex matrices such as urine and plasma. The advantages o f TLC are that it is 
simple, fast and can analyse many samples concurrently. In preparative 
chromatography, TLC is used to isolate compounds from large amounts o f crude 
extracts. This is useful in the structural elucidation and identification o f novel drugs. 
However TLC is still used as a qualitative method even though great effort has been 
carried out to develop quantitative procedures for TLC. The use o f TLC techniques is 
limited to screening large numbers of samples of drugs in biological fluids.*
L3.3.2.1.2 High Performance Liquid Chromatography
A great improvement to column chromatography is high performance liquid 
chromatography (HPLC). Major applications of the HPLC are found in the 
pharmaceutical industries and clinical laboratories using HPLC-Ultra Violet (UV) 
detector, HPLC-Fluorescence detector, HPLC-Electrochemical Detector and LC-MS. 
HPLC is useful for drugs that are less or non-volatile. HPLC analysis is usually non­
destructive and the compounds separated can be recovered. Bonded silica for example. 
Cl 8 is now widely used for drug analysis even though the use o f shorter carbon chains 
(C8, C2) and other types of columns (cyano-propyl silica), normal phase and amino 
columns are also used. The development of LC-MS in recent years has greatly 
enhanced the scope of HPLC in many applications of drug analysis.
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1.3.3.2.1.3 Gas Chromatography
GC has long been established as a tool for drug analysis, even though the use o f GO is 
limited to volatile compounds. Compounds that are not easily separated or that react 
with the column’s stationary phases are made volatile by a derivatising reaction using 
silylation, formation o f Schiffs bases, acylation or méthylation (Leach & Ramsey,
1986). Confirmation o f drugs and anabolic steroids is now being carried out using a 
GC-Mass Selective Detector (MSD) or GC-MS.
1.3.3.2.2 Mass Spectrometry
Mass spectrometry is mainly used for the identification of compounds by electron ionisation and 
subsequent fragmentation o f molecules, the determination o f mass to charge ratio 
(m/z) and the relative abundances o f ions which are produced (Ardrey, 1986). Mass 
spectrometry either alone or in combination with a chromatographic separation, is 
probably the most effective method for the identification o f drugs and their 
metabolites. In GC-MS and LC-MS, a compound is bombarded by an electrons to give 
a mass fragmentation which is identified as a fingerprint o f that molecule. Compounds 
can be identified either by scanning peaks in the total ion chromatogram (TIC) or by 
simultaneous ion monitoring (SIM) mode. The advantage o f mass spectrometry over 
other commonly used analytical techniques lies in the wide range o f samples that may 
be examined and the amount o f information that may be obtained (Ardrey, 1986). In 
modem mass spectrometric analysis, a library o f mass spectra is provided by 
manufacturers to help analysts identify unknown compounds.
1.3.3.2.3 Ultra Violet-Visible (UV-VIS) and Fluorescence Spectrophotometer
Analytical absorption spectroscopy has been widely used in pharmaceutical and 
biomedical analysis for quantitative purposes. However specific identification can 
rarely be made on the basis o f spectral evidence alone but instead requires the support 
of other analytical data (Fell, 1986).
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The primary use o f a UV-VIS Spectrophotometer is in quantitative analysis. The scope 
of analysis is extended using colour reaction, which significantly increases its sensitivity 
and selectivity by transforming a non-absorbing molecule into a stable absorbing 
derivative (Fell, 1986). Fluorescence spectrophotometry on the other hand has the 
advantage o f having greater sensitivity and specificity. The intrinsic or extrinsic 
fluorescence radiation emitted by a sample is illuminated at a defined excitation 
wavelength.
The scope o f UV-VIS and fluorescence spectrophotometer can be extended when 
combined with a chromatographic technique such as HPLC.
1.3.3.2.4 Capillary Electrophoresis
Like HPLC, capillary electrophoresis (CE) combines the advantages o f high efficiency 
and resolution, accurate quantification, short analysis time and automation. The use o f 
capillary tubes (20-50 um i.d. and 10-100 cm length) as a differential electromigration 
microchannel ensures the absence o f convective mixing of the separated zone in the 
electrolyte solution and enables the application of high electric fields with minimal 
generation o f heat (Corradini, 1997). The heat is efficiently dissipated by transfer 
through the tube wall as a result of large surface-to-volume ratio of the capillary.
CE performed in fused silica capillaries generally allows detection of both anionic and 
cationic sample at the cathodic end of the capillary as a result of electroosmotic flow. 
The bulk flow o f liquid in the capillary results from the applied electric field across the 
capillary on the uneven distribution of ions in the electric double layer at the interfacial 
region between negatively charged capillary wall and electrolyte solution (Corradini,
1997).
1.3.3.2.5 Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) spectrometry is basically a form o f absorption 
spectrometry. Under appropriate conditions in a magnetic field, a sample can absorb
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electromagnetic radiation in the radio frequency (rf) region at frequencies governed by 
the characteristics o f the sample (Silverstein et al.f 1991). Absorption is a function o f 
certain nuclei in the molecule. A  plot o f the frequencies o f the absorption peaks versus 
peak intensities constitutes an NMR spectrum. In the proton NMR, chemical shifts, 
relative number o f protons for each resonance from their integrated intensities and the 
multiplicities and coupling constants play a very important part in the interpretation of 
an NMR spectrum (Carr, 1986). By using only the NMR and MS spectra, the structure 
of an unknown compound can be elucidated. New developments in the NMR magnets 
(up to 800 Mhz) and the 2-D NMR such as Correlated Spectroscopy (COSY) has 
provided a wealth o f information for structure determination even in complex 
molecules (Silverstein et al, 1991).
1.4 Selective SPE sorbents
1.4.1 Immunoaffinity SPE
An improvement to basic affinity chromatography is the development o f 
immunoaffinity chromatography which relies entirely on the strength and selectivity o f 
the binding between an antibody and its corresponding antigen. The ligand - target 
compound complex is dissociated due to physical and chemical changes caused by the 
elution buffer and the target compound which is eluted from the column (Katz & 
Siewierski, 1992).
1.4.1.1 Historical development
The first application o f immunoaffinity chromatography was described by Campbell et 
al. (1951) whereby diazorised aminobenzylcellulose was used to immobilise an 
antigen to isolate specific antibodies. In 1967, chemical coupling o f peptides and 
proteins to starch, polysaccharides and cellulose by cyanogen bromide was successfully 
carried out by Axen et al. (1967). Earlier works in immunoaffinity chromatography 
were performed in low pressure systems, using dextran, agarose or polyacrylamide
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beads (Nilsson & Mosbach, 1980; Eveleigh & Levy, 1977). The isolation is specific 
but not rapid when solid support in low pressure systems is used.
In the early eighties, an increase in the application o f immunochemistry and the 
improvement o f antibody production using hybridoma technology helped to solve 
biological and chemical problems (Ottemess & Karush, 1982). Following this 
development, several researchers used immunoextraction procedures in biological 
analysis. Glencross et a l  (1981) devised a method o f concentrating picogram 
quantities o f steroid from large volumes o f biological samples. Endogenous 
oestradiol-17 P was extracted from bovine blood, plasma and milk using oestradiol-17 
p antiserum bound covalently to Sepharose and quantified by a radioimmunoassay 
technique. Following the success o f immunoaffinity chromatography an extensive 
review article was published which identified immunoaffinity separation techniques as a 
new tool, and recommended their use for the purification process in analytical 
techniques (Philips, 1986; Philips, 1989) and biochemical engineering (Chase, 1983; 
Chase, 1984). Van de Water and Haagsma (1987) used monoclonal antibodies against 
chloramphenicol coupled to cyanogen bromide activated Sepharose to extract 
chloramphenicol in swine muscle tissue. This was used as a clean-up procedure in the 
analysis o f chloramphenicol using HPLC. A further advancement to the 
immunoextraction procedure was in the analysis o f steroids (Gaskell & Brownsey, 
1983), cannabinoids (Lemm et a l ,  1985), urinary metabolites o f thromboxane A2 and 
prostacyclin by GC-MS (Chiabrando et a l ,  1987).
The knowledge o f the limitations imposed by cyanogen bromide activated support has 
stimulated investigations into further innovations which can improve their 
performance. The use o f protein A as an IgG binding reagent has greatly enhanced the 
application o f the immunoaffinity separation (Forsgren & Sjoquist, 1966). Isolated 
from the Cowans Strain Staphylococcus aureus, the bacterial cell wall protein A has 
a high affinity for the Fc or tail portion o f IgG antibodies. Bjork and Krunvall (1984) 
later discovered another cell wall protein, protein G, which they isolated from human 
group G Streptococcal strain. Protein G has a wider range of binding to IgG subclass
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and many common laboratory animals, when compared with protein A  Further 
refinement to the IgG binding reagent by using bacterial wall protein has been 
successfully carried out by several workers (Eliasson et al.9 1988; Eliasson et al., 
1989).
More recent studies have shown the increasing need for stronger materials like silica 
and glass beads, as support materials. These support materials offer the advantage o f 
withstanding higher pressure compared to agarose, dextran and polyacrylamide. 
Bacterial cell wall Protein A and G coated controlled pore glass resulted in great 
improvements in the recovery, speed, accuracy and reliable quantification o f IgG in 
biological materials (Phillips et al., 1984; Phillips et al., 1985; Janis & Regnier, 1989). 
The use o f high pressure packing media like silica based sorbents has paved the way to 
the development o f on-line sample preparation and high performance immunoaffinity 
chromatography (Johansson, 1986; Phillips, 1986; Faijam et al., 1988; Phillips, 1989). 
This high pressure support material requires activation by some o f the widely used 
reagents such as cyanogen bromide (Godfrey, 1997), glutaraldehyde activation (Walt 
& Agayn, 1994) carbodi-imidazole (GDI) activation (Hayashi et al., 1989) and 
hydrazide derivatisation (O'Shannessy, 1990) prior to antibody attachment.
In the nineties, vast improvements in immunoaffinity sample preparation have taken 
place. Online and offline sample preparation using automated instruments has been 
used extensively in SPE systems. Optimisation of immobilisation procedures and the 
use of silica based sorbents for immunoaffinity chromatography has encouraged more 
immunoextraction techniques to be developed especially in pesticides, trace 
compounds and multi-residue analysis (de Frutos, 1995; Lu et al., 1996; Sellergren, 
1994, Shahtaheri et a l ,  1995, Katmeh et a l ,  1997; Esteban et a l, 1997) .
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1.4.1.2 Antigen and antibody interaction
The basis for formation o f an Ag-Ab immune complex lies in the potential for the 
combining sites or Ag-receptors on each arm of the Ab molecule to form functional cups 
which can conform to the shape made by the electron cloud of the antigenic determinant 
(epitope) of the antigen (Phillips, 1989). Antigens and antibodies bind to one another 
through their antigenic determinants and antibody active sites by non-covalent weak 
bonds, which consist o f electrostatic, hydrogen bonding, hydrophobic bonds and van 
der Waals interactions (van Oss et al., 1982; Phillips, 1986).
Electrostatic interaction is an attractive force between the relatively positive end o f a 
polar molecule and relatively negative end o f the other, bringing the antigen closer to 
the antibody. Once the antigen and antibody are in close contact, hydrogen bonding 
starts to form. Hydrogen bonding occurs when hydrogen is bonded to oxygen or 
alternatively to another highly electronegative atom (e.g nitrogen). It may serve as a 
bridge between two oxygen atoms of different molecules, forming a covalent bond 
with one whilst holding the other solely by electrostatic forces. Once the bonding has 
taken place, water molecules are excluded from the intramolecular space, causing 
hydrophobic interaction and Van der Waals forces to hold the antigen and the antibody 
in close contact. Van der Waals forces are attractive forces between non-bonded 
atoms within a molecule that are not attached to each other, or between atoms o f 
different molecules. The attractive forces that affect the mechanism o f action of 
antigen-antibody binding are summarised in Figure 1.3 .
31
Antibody
electrostatic
Antigen
Hydrogen
bonding
O
H O
N H N
Hydrophobic 
interaction - >  < -
- H2O
Van Der Waals
forces
AntigenAntibody
Figure 1.3: Non-covalent interactions in antigen and antibody reactions. The combined 
forces of the electrostatic, hydrogen ! bonding, hydrophobic interactions and Van der 
Waal’s forces resulted in a strong attachment of antigen to the binding site on the 
antibody.
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At equilibrium, antibody affinity can be thought o f as representing the sum o f both 
attractive and repulsive non-covalent forces which arise from the interaction between 
the antibody binding site and the antigen.
The concept can be expressed as follows (Phillips, 1986):
ka
Ab + Ag AbAg
kd
where Ab is the free antibody 
AbAg is the antigen-antibody complex
k» and kd are association and dissociation rate constant respectively.
Applying the law of mass action
ka[ Ab] [Ag] = kd [AgAb]
Kd = [ AbAg]
[Ab][Ag]
where Kd = _k& 
kd
Generally an antigen-antibody reaction has a dissociation constant (Kd) in the region o f 
10"3 to 10"14 M at 25°C (Capra & Edmonson, 1977) while immunoaffinity separation 
usually requires Kd in the order o f 10'10 to lO^M. The values being slightly lower due 
to immobilisation (Godfrey, 1997). Antibodies with lower Kd require harsh conditions 
to elute antigens from the immunosorbents.
1.4.1.3 Antibodies
Antibodies are a group o f proteins called immunoglobulins. They are found in serum 
and are produced in response to specific foreign substances called antigens. Antibodies 
have molecular weights ranging from 150,000 to 900,000, a carbohydrate content o f
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2 to 14% and isoelectric points (pi) in the range of 4.4 to 9.5 (Godfrey, 1997). 
Immunoglobulin gamma (IgG) is the predominant antibody in the blood o f most higher 
vertebrates and accounts for 70-75% of total immunoglobulin. IgG has also been the 
most intensively studied immunoglobulin (Roitt et al., 1989; Capra & Edmonson, 
1977).
IgG is composed o f two pairs o f light and heavy polypeptide chains, linked by 
disulphide bonds into a Y-shaped structure. Each chain is folded into a series of 
globular domains, the heavy chain has four such domains while the light chain is 
comprised o f two domains. Each Fab fragment has an antibody binding site. The Fc 
fragment does not bind to the antigen but has other important biological activities. The 
Fc and the two Fab units are joined by a hinge which allows the angle between the Fab 
units to vary (Capra & Edmonson, 1977). The two domains at the tip o f each Fab 
fragment, (VH and VL) vaiy in amino acid sequence according to antibody specificity 
and are called variable domains. Most o f the remaining domains do not vary in the 
amino acid sequence and are called constant domains (CH and CL). Amino acid side 
chains from the variable domains contribute to the formation o f a binding cavity, which 
is geometrically and chemically complementary to a single type o f antigen (Capra & 
Edmonson, 1977; Roitt et a l ,  1989). The structure o f an antibody IgG is shown in 
Figure 1.4.
1.4.1.3.1 Antibody production
The general steps in an antibody production against small molecules, such as drugs are 
summarised as follows (Jung et a l ,  1989):
a) selection of hapten
b) synthesis and characterisation o f hapten
c) covalent binding to carrier molecules
d) immunisation
e) purification
f) characterisation o f the antibody
34
<D
cd
T 3
>x
o
tcdo
e -
Fc
CH2
CH3
Figure 1.4: A schematic representation of an immunoglobulin G (IgG)
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A complete discussion is outside the scope of our study, however some general points 
are made in the following text.
Most drugs and toxic compounds are small molecules that have a molecular weight o f  
less than 500 daltons. They are not usually immunogenic. In order to produce 
antibodies against a particular drug, immunogenic conjugates must first be prepared. 
The drug must be covalently linked to a carrier protein (hapten), which should be 
foreign to the animal species that the antibody is to be raised. The most commonly 
used carrier proteins are bovine serum albumin (BSA) and egg albumin (ovalbumin). 
Several mild chemical reactions are available for conjugating small molecules to carrier 
proteins (Aheme, 1986). After purification by dialysis or gel filtration, the conjugate is 
injected into an animal in the form o f emulsion in order to establish an immune 
response. This is followed by booster injections some weeks later after which the 
animal is bled and the characteristics o f serum are determined (Jung e to l ,  1989).
1.4.U .2 Polyclonal antibodies
Animals immunised with specific antigens produce polyclonal antibodies. Following 
immunisation, the animal processes the antigen and produces IgM antibodies, which 
represents the primary response. If the antigenic stimulus is prolonged the IgM 
response changes to an IgG response, which produces antibodies o f high affinity 
(Phillips, 1989).
When the immune system of an animal detects the presence o f an antigen, a number o f 
lymphocyte cells will initiate the production of antibodies. (This heterogeneous population of 
polyclonal antibodies will not only have a distribution of binding affinities for the antigen 
but may also bind to a variety o f different parts o f the antigen molecule (Chase, 1983). 
Thus for polyclonal antibodies a batch o f antibodies will not have the same overall 
binding effect as a subsequent batch, even if they are produced by the same animal.
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1.4.133 Monoclonal antibodies
Production of monoclonal antibodies is based on the proliferation of a single antibody- 
producing cell resulting in a uniform population of antibodies. These antibodies are o f the 
same type with identical specificities and affinities (Hock et a l, 1995). Monoclonal 
antibodies are raised by fusion o f spleen lymphocytes from immunised animals with 
cultured myeloma cells, which are cancerous cells, capable o f dividing rapidly to produce 
hybridoma cell lines (Chase, 1983; Katz & Brady, 1990). The fused lymphocyte and 
hypoxanthine guanidine ribosyltransferase (HAT) deficient myeloma cells are cultured 
in the presence o f polyethylene glycol in a medium containing HAT which prevents the 
growth o f myeloma cells (Katz & Siewierski, 1992). The hybridoma cells are screened 
and specific antibodies are cloned to produce cell lines. The advantage o f using 
monoclonal antibodies over polyclonals is that all o f the immunoglobulin G (IgG) 
'molecules in a monoclonal population have the same primary amino acid sequence (Matson & 
Little, 1988; Capra & Edmonson, 1977). Furthermore monoclonal antibodies are 
highly specific with capacities at least tenfold greater than polyclonal antibodies. The 
disadvantage, however, is the extremely high cost o f producing the antibodies. It is 
also reported that monoclonal antibodies have lower binding capacities than 
polyclonals due to excessive oxidation o f the carbohydrate moiety and damaged 
binding sites during the preparation and purification stages (Omatowska & Glasel,
1991).
1.4.13.4 Antibody fragments
Recent advances in molecular biology have successfully produced Fv fragments o f the 
antibody in Escherichia coli which consist of variable domains o f heavy and light 
chains of the parent antibody with a molecular weight o f25,000 dalton (Welling et a l , 
1990; Beny et a l,  1991). Omatowska and Glasel (1991) reported the production o f 
Fv fragments o f four monoclonal antibodies specific for morphine binding by papain 
digestion using the classic procedure for Fab formation. The major advantages o f this 
Fv fragment over antibodies are that they are cheap to produce, have more binding
37
sites per milligram o f protein and are small enough to be immobilised within the pores 
of the chromatographic media such as silica (Beny et a l ,  1991).
1.4.1.4 Immobilisation technique
Immobilisation of proteins to solid support has been performed for many years and has 
been successful in numerous applications such as enzyme reactors, affinity 
chromatography, sensor preparation and immunodiagnostics (Walt & Agayn, 1994). In 
immunoaffinity SPE, antibodies are immobilised to solid support without adversely 
affecting the antibody’s function to capture an antigen. A good immobilisation 
technique is one that can form an immunoaffinity extraction system with high binding 
capacity, form stable covalent bonds between antibody and solid support and have 
minimum non-specific adsorption.
1.4.1.4.1 Solid supports
The optimum characteristics for a solid support are high binding capacity, low non­
specific binding, low porosity, flexibility and ease o f separation from antibody binding . 
There are several types o f solid supports that have been used to immobilise 
antibodies. The type o f solid support used depends on the type of application desired. 
Cross-linked beaded agaroses are widely used for their macroporosity, low non­
specific binding, chemical stability, low cost and availability of functional groups for 
easy coupling (Godfrey, 1997). However agarose supports cannot withstand high 
pressure and cause leaching o f antibodies from immunocolumns (Philips, 1989). Other 
solid supports that have been used for immunoaffinity purification include protein A  
(Roman & Hubbarb, 1985), sepharose (Ghetie et a l,  1978), polyacrylamide (Matthew 
et a l,  1981), polystyrene (deCurtis et a l ,  1988) and cellulose (Luzio et a l ,  1974). 
Surface activated silica (e.g diol silica) and glass based (e.g controlled pore glass) 
supports are the more superior support and are widely used today because o f their 
high mechanical strength, well defined pore size, freedom from swelling effect, 
resistance to enzymatic degradation and low non-specific adsorption (Godfrey, 1997;
38
Beny et a l ,  1991). The only drawback o f silica and glass-based media is their inability 
to withstand extensive treatment at extreme pH. This however does not pose any 
limitation in their use as most immunoextraction protocols exclude the use o f extreme 
pH (Berry et a l ,  1991; Chase, 1983). Recently sol gel has also been reported to be 
used as a support matrix for the immunoaffinity system (Zuhlke et a l,  1995).
L4.1.4.2 Coupling antibody to solid support
For the immunoaffinity sorbents, it is important that the antibody is structurally 
orientated to maximise the capture o f antigen and at the same time minimise the loss 
of biological activity through steric hindrance caused by a neighbouring antibody (Lu 
et al., 1996). In order to have these properties, two types of coupling procedures are 
commonly employed in the immobilising protocol. Random coupling uses the amino 
side chains on the antibody. The disadvantage of this method is that antibodies will be 
coupled randomly to the solid support either at the Fab or the Fc portion (Lu et al., 
1996) which results in low interaction between the antigen and antibody.
In the oriented coupling procedure, the antibody is immobilised to the support through 
the oligosaccharide moieties of the polyclonal IgGs which are primarily located on the 
Fc portion of the antibody molecule (O'Shannessy, 1990). Monovalent Fab fragments 
are immobilised to an insoluble support through the ; sulphydryl group in the C- 
terminal region o f the fragment. The degree of surface activation o f the support plays a 
very important role in enhancing the capacity of the immunosorbent.
The immobilisation protocol is considered to be the crucial part o f the immunosorbent 
preparation. In order to link the antibody to the solid support, an activation step is 
necessary. Generally, the activation reagent should have functional groups to form a 
stable bond with solid support and a spacer arm to extend the ligand into the pore 
space. They also need a terminating functional group capable o f reacting with ligands 
under gentle conditions (Liapis & Unger, 1994). It is worth considering some o f the 
coupling strategies for immobilising antibodies to solid supports.
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Table 1-3 shows some commonly used activation and coupling procedures.
1.4.1.5 Immunoaffinity extraction
Three important steps exist in all immunoextraction protocols, (Kristiansen, 1978) 
these are:
(i) Removal o f unwanted antigen
(ii) Enrichment or isolation o f antigen
(iii) High recovery o f the fully active antigen using a minimum amount o f desorption 
solvent
Figure 1.5 shows a typical immunoaffinity extraction procedure.
In practice, the desorbing power o f eluents can be assessed from the affinity constant, 
K, derived from the slope o f the straight line resulting from the Langmuir plot. The 
plot uses the reciprocal o f the ratio o f bound antigen to immobilised antibody, 1/r, as 
ordinate against the reciprocal o f the soluble antigen, 1/c. Alternatively, using a 
Scatchard plot, the ratio o f bound to unbound (b/b0) plotted against the concentration 
of b will give the dissociation constant, Kd, o f the antibody from the slope o f the graph 
(Martin-Esteban et a l ,  1997; Kennedy & Barnes, 1981).
Generally antigens are desorped from the antibody by either specific desorption or 
non-specific desorption (Mohr & Poomerening, 1986).
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Immunosorbent
packed
into column
X V
Loading of sample
Elution Washing
X /
v
tiy
immobilised Antibody
Interfering molecules in the sample
A
^  ^  Antigen
Figure 1.5: Extraction of compounds using immunoaffinity solid phase extraction
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1.4.1.5.1 Biospecific desorption
In biospecific desorption, excess o f the compound analogue is allowed to compete 
with the analyte for a binding site (Faijam et ah, 1991) . This process has a slow 
dissociation rate.
1.4.1.5.2 Non-specific desorption
In many cases, a change o f pH leads to desorption, especially if the complex binds 
predominantly through ionic interaction (Mohr & Poomerening, 1986). Desorption by 
this method is rapid. The use o f pH however, is limited by the chemical stability o f the 
compound, solid support, and the covalent linkage between the solid support and the 
antibody. The increase o f ionic strength o f sodium and potassium chloride (gradient or 
stepwise) is one of the most gentle methods used in non-specific adsorption. Other 
chaotropic agents commonly used are guanidine hydrochloride, urea and detergents 
(Philips, 1989; Godfrey, 1997).
I.4.1.6 Applications of immunoaffinity SPE
In the early eighties, the lack o f specificity and selectivity shown by liquid-liquid 
extraction and SPE resulted in a sudden interest to find alternatives for these 
extraction procedures. With the rapid development in immunochemistry and affinity 
chromatography techniques, concerted effort was made to link the biological ligands 
to solid supports. The success o f creating these specific immunosorbents has 
proliferated innovative ideas using immunosorbents for many applications such as 
chiral separations, immunoassays, sensor technology and selective SPE.
In the nineties, immunoaffinity has come of age and is being used in routine 
extraction procedures such as with drugs, antibiotics, steroids and pesticides 
(Tablel-4).
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1.4.2 Molecularly Imprinted Polymers
The concept o f molecular imprinting has existed from as early as 1930. Mudd (1932) 
postulated that antibody specificity is due to the stereochemical correspondence with 
the antigen. This was further elaborated when Linus Pauling (1940) presented 
experimental evidence and proposed a detailed mechanism for the formation o f an 
antibody. Inspired by Pauling’s theory, Dickey (1949) attempted to prepare and 
optimise an imprint o f methyl orange on a silica gel surface. Several years later, he 
reported that the preference for a certain molecule could be tailored through the choice 
of template and showed that low pH, low electrolyte concentration and low 
temperatures favour the development o f specific adsorption properties (Dickey, 1955). 
However he concluded that it is impossible to prepare silica gel specific adsorbents for 
aqueous compounds such as amino acids or simple peptides because these compounds 
would not be adsorbed during the formation of the gel.
It has only been in the last 25 years that molecular imprinting technology has 
resurfaced and the search for more selective and specific sorbents for chromatographic 
applications continued. Immunoaffinity sorbents satisfy the criteria as being highly 
specific and selective but they are expensive to prepare. Moreover, special precautions 
have to be taken when using extreme conditions on immobilised antibodies, for 
example pH, acid, temperature and storage. Furthermore, it takes a relatively long time 
to produce a sufficient amount o f antibodies which not only differ from batch to batch 
but also vaiy within the antisera o f the same animal.
An alternative to immunoaffinity technique is to produce an MIP which typically uses 
chemicals to create an antibody-like mechanism to capture analytes in solution. Cross 
linked polymers are formed around a molecule that acts as a template which when 
removed, leaves behind an imprint in the polymer.
It was not until the early seventies that Wulff and his co-workers (Wulff et a l ,  1973; 
Wulff & Sarhan,1972) introduced an approach which allowed the introduction o f 
functional groups at defimte positions in organic network polymers.
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Initially, extensive work on molecular imprinting was carried out using covalent 
interactions between the crosslinked polymer and the template molecule (Wulff & 
Schauhoff, 1991; Lan et a l ,  1997). Only when Mosbach and his co-workers 
(Sellergren et a l,  1988) introduced the non-covalent polymer-template interaction 
did the molecular imprinting begin to show its usefulness.
Molecular imprinting is now established and has been tested in various fields such as 
chromatographic stationary phases (Kempe & Mosbach, 1994), chiral separations 
(Andersson et a l ,  1990; O’Shannessy et a l ,  1989a; Wulff & Schauhoff 1991; Lepisto 
& Sellergren, 1989; Fischer et a l ,  1991) and sensor devices (Kriz et a l ,  1995; Kiiz et 
al., 1997). MIP sorbents were recently developed for protein removal (Hjerten et a l ,  
1997; Liao et a l,  1996), isolation o f herbicides (Siemann et a l ,  1996; Matsui et a l,  
1995), ligand binding assays (Vlatakis et a l,  1993), phases for capillary electrophoresis 
(Nilsson et a l,  1997), drugs and steroid receptor mimics (Cheong et a l,  1997; 
Andersson et a l ,  1995) and SPE sorbents (Muldoon & Stanker, 1997b; Andersson et 
a l,  1997, Martin et a l ,  1997).
1.4.2.1 Molecular interactions
The principle o f using a non-covalent MIP involves the formation o f specific non- 
covalent interactions between a template molecule and the polymerisable functional 
monomers in the presence o f a cross-linking agent (Mosbach, 1994; Wulff, 1995). The 
subsequent removal o f the template molecule from the polymer yields complementary 
binding sites which consist o f a functional group with a precise spatial arrangement 
fitting the shape o f the template molecule (Wulff & Schauhoff, 1991). The polymer 
therefore carries binding sites with affinity for the imprinted template molecule. Figure
1.6 depicts the concept o f molecular imprinting showing the formation o f template- 
monomer complex, crosslinking and the recognition site after template removal.
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(a) (b)
monomer 1
monomer 2
1
monomer 3
$ I
removal of 
template
polymerise with crosslinker 
(C)
Figure 1.6: Concept o f molecular imprinting, (a) and (b) Template-monomer 
complex (c) Formation o f crosslinked polymer (d) Polymeric recognition site 
after template removal
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1.4.2.2 Structure and properties
Synthetic polymers are mixtures o f compounds composed of the same repeating 
structural unit but differing in molecular weight. Polystyrene, for example, has the 
following repeating unit structure (C&Hj -CHaCKQn, where n is the number o f repeat 
units per molecule (Ford, 1986). It is made by polymerisation o f the monomer. The 
common practice o f preparing an MIP involves using methyl acrylic acid (MAA) as 
the monomer. In the presence o f the template molecule, the MIP is polymerised with 
ethylene dimethylacrylic acid (EDMA), a crosslinking agent, and is initiated by 2,2 
azobis, 2-butyronitrile (ADBN) in the presence o f an inert solvent (porogen). The 
polymerisation is carried out either using UV light at low temperature or by heating at 
60°C under oxygen free nitrogen. A typical procedure in the preparation o f MIP is 
shown in Figure 1.7.
An MIP should have the following properties (Wulff, 1995):
(a) Stiff polymer structure
The polymer should be able to retain its shape even after removal o f the template.
(b) High flexibility
The high flexibility is essential to give rapid equilibration with the analyte to be 
embedded.
(c) Good accessibility
The polymer should have good accessibility to as many cavities as possible.
(d) Mechanical stability
The polymer should be mechanically stable, and suitable for use with high pressure 
systems such as HPLC.
(e) Thermal stability
The polymer should be able to withstand high temperatures.
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1.4.2.2.1 Functional monomer
A functional ! monomer is a polymerisable chemical unit that possesses specific chemical 
functionalities such as carboxyl, hydroxyl, amino or aromatic groups. These chemicals 
< bind to the print molecule covalently and/or non-covalently. The commonly used 
functional monomers are shown in Figure 1.8.
MAA is well known as a common but potentially functional monomer (Matsui et a l,
1995). Liao et a l  (1996) also reported the use o f an aciylamide monomer in the 
presence o f bovine cytochrome C template. The reaction was copolymerised with 
N,N’ -methylenebisacrylamide to form a gel which has strong affinity for bovine 
cytochrome C. However the mechanism o f action is uncertain. Another hydrogen 
bonding functional monomer for MEP was recently developed by Yu and Mosbach 
(1997). In their study, instead o f using MAA, aciylamide was used as a monomer. The 
resulting polymer showed much improved enantiomeric recognition and load capacity. 
It also reduced the excessively charged group that usually causes problems such as 
swelling and non-specific binding.
1.4.2.2.2 Cross-linking agent
Cross-linking reagents affect the structural rigidity of a polymer by fixing the functional 
group in a specific orientation to the print molecule. Macroporous polymer structures 
are obtained if monomers are polymerised with 5-90% content o f cross-linking agent in 
the presence of an inert porogen (Wulff) 1995). This high content o f cross-linking 
agent will ensure cavities retain their shape well after removal o f the templates. Figure 
1.8 shows crosslinking reagents commonly used in the preparation ofMIP.
1.4.2.2.3 Porogen
The choice o f porogen could improve selectivity by influencing the complexation 
strength o f non-covalent binding sites and crosslinker with a template (Sellergren,
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1989; O’Shannessy et a l ,  1989b). The type o f porogen used also has strong influence 
on the porosity and morphology o f the polymer (WulfF, 1995).
1.4.2.2.4 Polymerisation reaction
Polymerisation can be carried out under UV light at low temperature or heating at 
60° C. The use o f more reactive radical initiators and lowering the polymerisation 
temperature has shown to improve the selectivity of the MIP (Steinke et a l ,  1995). 
AIBN is currently the most commonly used initiator in the preparation o f MIP.
Table 1-5 shows the comparison o f the molar ratios o f monomer, cross-linkers, 
iniatiator, porogen and polymerising conditions in the preparation ofMIPs for various 
compounds.
1.4.2.3 Applications of MIP technology in sample preparation
Few studies have reported on sample preparation using MIP. Maldoon and Stanker 
(1997) carried out SPE o f atrazine from beef liver extracts. Atrazine binding and 
elution conditions were optimised and the study showed improvement in analyte 
quantification by two different methods, HPLC and ELISA. The results indicated a 
20% increase in the recovery o f atrazine purified by ME? compared to the unpurified 
extracts. Martin et a l  (1997) evaluated the MIP SPE of propanolol in biological 
fluids. Their results indicated that a molecularly imprinted phase to racemic propanolol 
can be used for SPE o f the target compounds. Their finding also suggested that non­
specific binding could be overcome by a careful choice o f elution solvents. Andersson 
et a l  (1997) introduced a novel approach using a close structural analogue to 
eliminate leakage o f imprint molecules, sameridine, from the MIP SPE.
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Functional monomers
O
OH
Methacrylic acid
OH
-B
OH
4-Vinylphenylboronic acid
r O
4-Vinylpyridine 4-Ethylstyrene
Cross-linking reagents
O
O \
Ethylene glycol dimethacrylate Divinylbenzene
Figure 1.8: Commonly used reagents for molecular imprinted polymers (MIP)
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Table 1-5: Comparison of the molar ratios of the monomer, cross-linkers, 
anitiator, porogen and the polymerisation conditions in the preparation of MIP 
for various compounds.
Template Monomer Cross-
linker
Initiator Porogen Conditions References
1. dansyl-L- 2-vinyl EDMA AIBN MeCN 45°C, Kriz et al. ,
Phe-OH
2 mol%
pyridine 
8 mol% + 
MAA 
8mol %
81 mol% 1 mol% 2 ml 15h 1995
2. (S)-timolol MAA EDMA AIBN CHC13 UV Fischer et al..
3 mol % 16 mol% 80 mol % 0.7 mol% 20 ml. 24 h 1991
3. (S)-naproxon 4-vinyl EDMA AIBN THF uv, Kempe&
3 mol% pyridine 
16 mol%
80 mol% 1 mol% 18 ml 4° C
48h
Mosbach,
1994
4. Atrazine MAA EDMA AIBN CHC13 0°C Matsui et al..
3 mol% 12 mol% 84 mol% 1 mol% 25 ml UV
4h
1995
5. L-phenylala- MAA EDMA AIBN C6H6 UV, Sellergren &
nine analide 
4mol%
16 mol% 79 mol% 1 mol% 5.6 ml 4°C
16h
Shea, 1993
6. Theophyll­ MAA EDMA AIBN CHC13 60°C Vlatakis et al,
ine
4 mol%
17 mol% 78 mol% 1 mol% 250 ml 24h 1993
7. Diazepam MAA EDMA AIBN CHC13 UV Vlatakis et al.
3 mol% 16mol% 80 mol% 1 mol% 39 ml 4°C
16h
1993
8. Atrazine MAA EDMA AIBN CH2C12 UV Siemann et
3 mol% 16 mol% 80 mol% 1 mol% 5 ml 4°C
16h
al, 1996
9. Morphine MAA EDMA AIBN MeCN 60°C Andersson et
5 mol% 19 mol% 75 mol% 1 mol% 6 ml 16 h a ly 1995
10. Leu- MAA EDMA AIBN MeCN 60°C Andersson et
enkephalin 
1 mol%
20 mol % 75 mol % 1 mol% 2.1 ml 16 h a l, 1995
11. Sameridine MAA EDMA AIBN toluene UV Andersson et
3 mol % 16 mol % 80 mol % 1 mol% 4.8 g 24 h a l, 1997
Key to abbreviation:
MAA-methaciylic acid, EDMA-ethylene dimethaciylate, ABN-2,2 -azobis, 2 butyronitrile, UV- 
ultraviolet light (366nm), MeCN-acetonitrile, THF-tetrahydrofuran, CHCB-chloroform, CH2C12- 
dichloromethane, C6H6-benzene
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More findings on the use o f MIP as a selective SPE sorbent will be reported in the 
future since many research groups have now realised the potential o f MIP as a 
selective extraction medium for many compounds.
1.5 Model compounds
Model compounds were used throughout this study. Clenbuterol and morphine were 
used in the immunoextraction study because o f the availability of the antisera in the 
School o f Biological Science, University o f Surrey. Tamoxifen was chosen as a model 
compound due to availability o f the compound as well as interest in the development o f  
an analytical procedure for this drug in our research group.
1.5.1 Clenbuterol
Clenbuterol (4-amino-3,5-dichloro-[ tert.- butylamino) methyl] benzyl alcohol) is a (3- 
sympathomimetic or P-agonistic drug (Figure 1.9). It is frequently used for the 
treatment o f obstruction in the bronchial tubes o f domestic animals, where as a 
bronchodilater it increases the airway size and decreases airway resistance.
Figure 1.9: Structure of clenbuterol
Clenbuterol is used to reduce fat and increase muscle mass in ex-daiiy cattle. It is also 
widely used as a growth promoter to increase the carcass weight o f calves by up to 
10 percent without any change in their food intake (Hooijerink et a l,  1991). The 
presence of clenbuterol in meat can have undesirable effects on the health o f
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consumers and has been associated with toxic episodes in meat-eaters (van Ginkel et 
a l, 1992) . Since 1988, some European countries have forbidden the use o f clenbuterol 
for calves older than 14 weeks : Clenbuterol has also been reported for its use in
improving the performance o f athletes, and has now been banned by the International 
Olympic Committee and other major sports federations (Mueller et a l,  1995; Segura,
1996).
The analysis o f clenbuterol in biological samples has been widely reported . Plasma, 
urine, retina and hair are the common biological samples currently being used for 
analysis . Due to the low level detection o f trace residues o f clenbuterol the current 
practice uses immunoassay techniques followed by confirmation with <3K>MS (Collins 
& O'Keeffe, 1994; Pou et a/., 1997; Adam et a l ,  1994; Regueiro et a l ,  1993; van 
Rhijn et a l ,  1993; Hooijerink et a/., 1994). This is because the criteria by the European 
Union (EU) which require quantitation at sub-nanogram levels and the confirmation 
procedure by mass spectrometry require 4 independent fiagment j ions in the mass 
spectrum. HPLC with UV and electrochemical detection in series has also been used 
| but is not las sensitive. Electrochemical detector cells are easily contaminated after long 
hours of use leading to reduced sensitivity (Hooijerink et a l,  1991).
In order to cany out a confirmation procedure, a good sample clean-up is necessary 
before introducing biological samples into analytical instruments. The requirement to 
detect levels of clenbuterol down to 1 ng/ml detection limits as outlined by the EU 
(Hooijerink et a l,  1994) has resulted in laboratories turning to immunoassays for 
analysis. As mentioned earlier GC-MS analysis has been proven to be the most suitable 
analytical instrument for clenbuterol but it is expensive and requires a laborious 
extraction procedure. In the sample preparation , there is a need to achieve high 
recoveries o f clenbuterol in order to meet the confirmation criteria.
1.5.2 Morphine
Morphine (Figure 1.10) used therapeutically as a pain killer is now being abused
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worldwide. Analysis o f morphine is being used to monitor therapeutic levels in human, 
animal pharmaceutical studies and epidemiological studies in drug abuse control. The 
analysis o f morphine and metabolites have drawn considerable interest in clinical, 
pathological and forensic laboratories.
ÇH3
Figure 1.10 : Structure of morphine
Urine opiates are regularly monitored in hospital emergency situations, in drug 
treatment programs, in probation exercises, in the armed forces as well as drug related 
cases in forensic laboratories. A positive result for opiates in any o f these cases can 
have a serious medical and legal consequence.
Heroin (3,6-diacetyl morphine) undergoes rapid enzymatic déacylation to 6- 
monoacetyl morphine and shortly after to morphine. Morphine is extensively 
metabolised in both liver and intestine to the ! 3-glucüronide ; which is the main 
excretion form and in small amounts to jmorphine-6-glucuronide Normorphine is 
produced by N-demethylation although in limited amounts . Other minor metabolites 
including morphine :":;3,6-diglucuronide and codeine have been reported. While 
morphine-3-glucuronide is inactive, morphine-6-glucuronide has been reported to 
exert analgesic activity (Osborne et a/., 1993; Osborne et a l, 1990).
Analysis o f morphine in urine is normally carried out using immunoassays and 
chromatographic techniques such as TLC, GC, HPLC and GC-MS (Tagliaro et a l ,  
1989). To increase the sensitivity o f morphine detection, urine has to be hydrolysed by
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acid or enzyme e.g (3-glucurinidase to obtain free morphine from the conjugated form 
(Moffat, 1986). TLC is inexpensive and simple and is widely used for urine screening 
but it lacks sensitivity and specificity to carry out confirmatory analysis. Much better 
sensitivity and reliability are shown in GC using electron capture detector or flame 
ionisation detector. GC analysis needs a derivatisation step to reduce the high polarity 
o f morphine. Besides GC-MS and HPLC-MS which are expensive, HPLC has now 
been adopted in an increasing number o f laboratories because o f its inherent features o f 
specificity, reliability and sensitivity.
Various types o f HPLC detectors have been used to detect morphine and its 
metabolites. Tagliaro et a l  (1989) reviewed HPLC detectors such as UV-VIS, 
fluorescence, chemiluminiscence and electrochemical detector for the determination o f  
morphine in biological fluids. It was recommended that electrochemical detection suits 
most o f the needs for morphine analysis by HPLC.
1.5.3 Tamoxifen
Tamoxifen (Figure 1.11), an antiestrogenic agent, is currently the most widely 
prescribed hormonal agent used for the treatment o f breast cancer (deGregorio & 
Wiebe, 1994). Tamoxifen , commercially available since the mid-1970s, is a synthetic 
non-steroidal compound. It has hormone-like effects and can act to block estrogen 
receptors. It has become a satisfactory alternative to cytotoxic chemotherapy, 
particularly in individuals who cannot tolerate the harsh side effects o f chemotherapy.
(CH 3)2NCH 20
Figure 1.11: Structure of tamoxifen
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Tamoxifen is extensively metabolised, producing desmethylated and hydroxylated 
derivatives that can be detected in the bloodstream o f treated patients (Lien et al., 
1988). The analysis is difficult due to low plasma concentrations and light instability of 
o f tamoxifen (Fried & Wainer, 1994).
The requirement for the determination o f therapeutic levels o f tamoxifen is measuring 
down to a level o f 20 ng/ml (Stevenson, 1984). Tamoxifen is lipophilic and uses a 
liquid-liquid extraction followed by HPLC-UV detection. The presence o f a basic 
functional group means that tamoxifen can be extracted using a high pH. To enhance 
sensitivity, tamoxifen and its metabolites can be detected after a photochemical 
activation, where tamoxifen is converted by UV radiation to a phenanthrene 
(Mendenhall et ah, 1978), either, before or after chromatographic analysis. HPLC has 
been used extensively in the detection o f tamoxifen and its metabolites. However, the 
sample preparation methods employed were labour-intensive and time-consuming, with 
recoveries o f 30-60% by SPE, 60-90% by solvent extraction and 80-100% by in-line 
extraction (MacCallum et a l ,  1996).
1.6 Analytical method validation
Based on the summary o f the Washington Report on method validation ( Shah et al,
1992), analytical methods employed for the quantitative determination o f drugs and 
metabolites in biological samples play a significant role in evaluation and interpretation 
o f bioavailability, bioequivalence and pharmacokinetic data. It is therefore essential to 
employ well characterised and fully validated analytical methods to yield reliable results 
which can be satisfactorily interpreted. Analytical method validation includes all 
procedures required to demonstrate that a particular method for the quantitative 
determination o f the concentration o f an analyte (or analytes) in a particular matrix is 
reliable for the intended application. The commonly employed bioanalytical techniques 
are chemical methods such as chromatographic methods (TLC, HPLC and GC), 
spectroscopic methods (MS, MS-MS, LC-MS, GC-MS) and biological methods such 
as those based on immunoassay procedures (RIA,EMIT,ELISA) and microbiological
methods.
1.6.1 Recommendations for method validation
Several recommendations derived from the Washington report, include the parameters 
essential to ensure acceptibility of the performance o f the analytical method.
(a) Standard operating procedures
A specific, detailed description and a standard operation procedure (SOP) should be 
written.
(b) Acceptable protocol
A method should be validated for intended use, employing an acceptable protocol.
(c) Matrix
Same biological matrix as that in the intended samples should be used for validation 
purposes.
(d) Stability of analyte
The stability o f the analyte in the collection and the sample storage should be assessed 
prior to sample analysis. The influence o f freeze/thaw cycles should be investigated.
(e) Standard curve
The concentration range over which analyte will be determined must be defined in the 
method, using actual standard samples over the range, including statistical variation. It 
is necessary, to include 5-8 concentrations (excluding blanks) to define the relationship 
between concentration and response.
(f) Accuracy and Precision
The accuracy and precision should be determined using a minimum o f three 
concentrations representing the entire range o f the calibration: near the limit o f
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quantitation (LOQ), the middle and the upper boundary o f the standard curve. A 
specific criteria must be set for the method to be valid. The mean value should be 
within +15% o f the actual value except at the LOQ, where it should not deviate by 
more than ±  20% . The precision around the mean value should not exceed a 
coefficient o f variation (%CV) o f 15%, except for the LOQ where it should not exceed 
20% CV. Other methods of determining accuracy and precision which meet the above 
limit are equally acceptable.
(g) Limit o f quantitation (LOQ)
The LOQ is the lowest concentration on the standard curve which can be measured 
with acceptable accuracy, precision and variability. It should be determined using at 
least 5 samples independent of the standards and determining the %CV.
(h) Selectivity
For biological methods such as immunoassays and immunoaffinity separation, it must 
be shown that the bioassay is selective for the analyte. Among the criteria to 
investigate are matrix effects between standards and biological fluids, reliability o f the 
response, which should be due to analyte only and cross-reactivity.
1.7 Aim of study
The determination o f drugs at trace levels in biological matrices is a very important and 
increasing area o f analysis, especially in forensic pathology, toxicology, pharmacology 
and drug abuse in sports (See Section 1.2). It is performed with highly expensive 
analytical instrumentation such as HPLC or GC with various types o f detectors to 
identify the wide variety o f drugs. Recently GC-MS and LC-MS have become a 
necessity to major analytical laboratories due to their sensitivity and high resolution 
power to detect drugs at the subnanogram levels. Although these are very 
sophisticated instruments, the procedures adopted when dealing with complex 
biological materials almost always require reliable and reproducible sample clean-up.
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Currently SPE has been in the forefront for the sample preparation of drugs in plasma, 
urine and other biological fluids. Liquid-liquid extraction however are still widely used 
despite the international regulations imposed on the use of organic solvents (Pawliszyn, 
1995). However both the sample preparation methods are often non-selective and 
therefore it is our main aim to develop a highly selective sample preparation for drugs 
in biological fluids.
From the description given in the previous sections, sample preparation plays a 
critical role in the analysis o f drugs today. It is therefore anticipated that to overcome 
the demands of drug analysis we must continue to search for new alternatives that will 
improve the specificity and reliability o f sample preparation.
The primary aim o f our study is to determine the feasibility of using selective SPE 
columns as a clean-up procedure and to isolate drugs from biological samples such as 
urine and plasma. Our study includes the development o f immunoaflBnity SPE, 
optimisation o f the steps involved in the extraction, and the application o f the 
immunoaffinity SPE to biological materials such as urine and plasma. The study also 
aims to determine whether antibodies still retain their selectivity after immobilisation 
onto solid support and to investigate whether immunoextraction procedure developed 
can improve chromatographic trace, extraction efficiency and precision o f the analysis. 
We have also attempted to prepare a molecularly imprinted polymer (MIP) and a 
preliminary study was carried out using the MIP as a selective SPE sorbent to isolate 
drugs from biological fluids.
Model compounds were used in all o f our investigations. The model compounds 
morphine and clenbuterol were chosen for immunoextraction because of the availability 
of antisera, while tamoxifen was used because of the on-going interest and availability 
of the compound within our research group.
It is hoped that by the end o f the study, we will have gathered findings that will help to 
determine the feasibility o f using selective SPE in the routine analysis o f drugs. We
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will also hope to assess the possibility o f using a standard protocol for immunoaffinity 
SPE that is applicable to the sample preparation of all drugs in biological fluids for 
which antisera is available.
6 2
CHAPTER 2 MATERIALS AND METHOD
2.1 General reagents
2.1.1 Chemicals and reagents
a. HPLC grade solvents: methanol, acetonitrile, ethanol obtained from 
Lisons Scientific Equipment (Loughborough, UK)
b. Deionised water was prepared by using an Elgastat Option4 Water 
Purification Unit (High Wycombe, Bucks, UK).
c. Sodium dihydrogen orthophosphate (BDH, Poole, UK)
d. sodium dodecyl sulphate (Sigma, UK)
e. triethylamine (Sigma, UK),
f. 1-heptane sulphonate (BDH,Poole,UK).
g. orthophosphoric acid (BDH,Poole,UK)
h. glacial acetic acid (BDH, Poole,UK)
2.1.2 Buffer reagents
a. Standard buffer solutions at three pH values (4.00 ±  0.02, 7.00 ±  0.02, 
9.0 ±  0.02) were supplied by BDH (Poole,UK) and were used for pH 
calibration.
b. Analytical reagent grade potassium chloride, potassium dihydrogen 
orthophosphate, disodium hydrogen orthophosphate and sodium chloride, 
were purchased from BDH (Poole,UK).
c. Phosphate buffered saline (PBS) pH 7.2-7.4 was prepared using 8 g 
sodium chloride, 0.2 g potassium dihydrogen orthophosphate, 0.2 g 
potassium chloride and 2.9 g disodium hydrogen orthophosphate in 1 L of 
distilled water. The pH o f PBS was adjusted to pH 12-1A  using 
orthophosphoric acid.
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d. Elution buffer 50% methanol/PBS, pH 2 for immunoextraction of 
clenbuterol. To prepare 100 ml o f the elution buffer, equal volumes of 
methanol and PBS were mixed. The resulting solution was adjusted to pH 
2 using orthophosphoric acid.
e. Elution buffer 40% ethanol/PBS, pH 2 for immunoextraction of 
morphine. To prepare 100 ml o f the elution buffer, 40 ml o f ethanol was 
added to 60 ml o f PBS. The resulting solution was adjusted to pH 4 using 
glacial acetic acid.
2.2 General apparatus
a. A PTI digital pH meter with an Orion electrode from EOT instrument (Dover, 
Kent, UK) for pH measurements and adjustments.
b. Weighing o f chemicals was performed using a Sartorius 2024 MP balance 
(Satorius Ltd., Bellmont, Surrey, UK) for milligram quantities or less. A  
Brainweigh B 1500D top pan balance (Ohaus, Europe Ltd, Cambridge,UK) 
was used for weighing gram quantities of chemicals.
c. Quantitative liquid transfers were performed with Gilson Pipetteman P20, 
P200, PI000 and P5000 (Anachem Ltd, Luton, Bedfordshire)
d. Samples were evaporated to dryness using a sample concentrator, Techni Dri- 
Block OB-3. The apparatus has a heating block with temperature ranging from 
25° to 200° C and was connected to an oxygen free nitrogen supply.
e. Vortex Genie from Scientific Industries, Inc. (Bohemia, NY, USA) was used 
for mixing solutions in the test tube.
f. A Griffin flask shaker was used for liquid-liquid extraction.
g. A rotamixer (Luckham Ltd, Sussex,UK) was used for mixing sorbents in the 
columns.
h. A low resolution microscope (Nikon, Japan)
1 i. Table-top centrifuge, MSE Centaur 2 (Fisons, UK).
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2.3 Drug standards
2.3.1 Clenbuterol and other P - blockers
Clenbuterol, salbutamol, oxyprenolol, metoprolol, alprolol, practolol and atenolol were 
obtained from Sigma Chemicals, UK.
2.3.2 Morphine and other opiates
Morphine, morphine-6-glucuronide, morphine-3 -glucuronide, norcodeine, codeine 
and normorphine were obtained from Sigma Chemicals, Poole, UK.
2.3.3 Tamoxifen
Tamoxifen citrate was supplied by Sigma Chemicals, Poole, UK.
2.4 Preparation of drug standards and controls
Drug standards were prepared as 1 mg/ml stock solutions in methanol. Working 
standards o f 1/ig/ml were prepared in methanol from the stock standard and diluted 
further in appropriate solvent to make the desired solutions. The stock and working 
standards were stored at 4°C.
2.4.1 Spiked Plasma
A clenbuterol working standard o f 1 pg/ml in methanol was used. Measured quantities 
of clenbuterol from the working standard were transferred into 10 ml volumetric 
flasks and evaporated to dryness. As shown in Table 2-1, plasma was added to the 
flasks to make the desired concentration for the calibration standards and controls. The 
spiked plasma was stored at 4°C.
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Table 2-1 : Standards and quality control samples for precision studies for 
plasma clenbuterol
Drug in plasma Concentration of clenbuterol in plasma (ng/ml)
Standards Controls
Clenbuterol 0, 500, 1000, 1500, 1500,2000,2500 500,1000, 2000
2.4.2 Spiked urine
A morphine working standard o f 1 jig/ml in methanol was used. Measured quantities of 
morphine from the working standard was transferred into a 10 ml volumetric flask and 
the methanol was evaporated. Urine was added to the flask to make the desired 
concentration (Table 2-2). Prepared urine standards and controls were stored at 4°C.
Table 2-2: Standards and quality control samples for precision studies for urine 
morphine
Drug in urine Concentration o f morphine in urine (ng/ml)
Standards Controls
Morphine 0, 100,200, 300, 400, 500 50, 250, 450
2.5 Instrumentation 
2.5.1 HPLC
The HPLC apparatus used in our study included the following equipment: Beckman 
HOB single piston pump (Beckman RIIC Limited, High Wycombe, Bucks, UK), a 
Waters 710A (Waters Associates, Northwich, UK) injection system and a JJ Lloyd 652 
chart recorder. (JJ Lloyd Instrument Ltd, Southampton, UK) and Spectra Physics 
Chromjet Integrator.
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2.5.1.1 Ultra-violet (UV) detection
The detector was a Pye LC-UV Spectrophotometer (Unichem, Cambridge, UK) which 
is a variable wavelength detector, ranging from 190 nm to 380 nm with an air-cooled 
deuterium arc lamp source. The flow cell optical path 1mm diameter by 10 mm in 
length, volume 8 jal The cell can withstand at least 200 psi back pressure. Linear 
absorbance range was 0.005 to 1.28 A full scale. The output voltage was 10 mV with 
the output time constant of 0.5, 1.0, 2.0 secs. The detector was composed o f two 
vacuum photocells with dark current compensation.
2.5.1.2 Electrochemical (EC) detection
The analysis o f morphine was carried out using a Coulochem detector Model 5100A 
which consists of a control module (electronic console), a dual electrode analytical cell 
(Model 5010) and a conditioning cell (Model 5021). The dual electrode analytical cells 
consist o f two porous graphite in-line working electrodes encapsulated with 
associated reference electrodes. The conditioning cell contains a single coulometric 
electrode. For the analysis o f morphine, the conditioning cell was placed between the 
analytical column and the analytical cell. The conditioning cell acts as a guard cell, 
oxidising the impurities in the mobile phase at a potential o f 0.15 V. The oxidation 
potential for morphine and normorphine was set at 0.4 V. An in-line filter with 
carbon filter element was placed before the conditioning cell to prevent clogging of the 
series o f cells. The schematic diagram for the HPLC-electrochemical detector is 
shown in Figure 2.1.
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Figure 2.1: A schematic diagram of HPLC with electrochemical detection
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2.5.1.3 HPLC columns
Various types o f analytical columns were used in our HPLC analysis. A C-18 column, 
(Spherisorb ODS-2), 5pm column, 150mm in length (Jones, Chromatography, 
Hengoed, UK) was used for the analysis o f clenbuterol, oxyprenolol and tamoxifen.
A cyanopropyl silica (Hypersil CPS), 5pm column, 250mm in length, (Jones, 
Chromatography, Hengoed, UK) was used for analysis o f morphine and normorphine 
while Bondaclone CIS, 5pm, 250mm in length (Phenomenex, Macclesfiled, UK) was 
used for analysis o f chlortoluron.
2.5.2 Analysis of model compounds
2.5.2.1 Analysis of clenbuterol and P-blockers (Botterblom, 1993).
The HPLC conditions for the analysis o f clenbuterol by UV detection were as follows: 
UV detector (Pye Unicam) wavelength 230 nm, sensitivity 0.002 AUFS, analytical 
column Spherisorb ODS-2, 5pm, 150mm in length, flow rate 1 ml/minute, mobile 
phase 25% acetonitrile, 74% 0.05M sodium dihydrogen orthophosphate and 1% 
triethylamine adjusted to pH 2.5 using orthophosphoric acid, injection volume 100 pi 
(WISP autosampler), chart speed 5 mm/min.
2.5.2.2 Analysis of morphine and other opiates
The procedure for the analysis o f morphine and other opiates was a modification o f 
the methods developed by Pawula et al. (1994) and Ohno et al. (1994). Coulochem 
ESA 5100A electrochemical detector (ESA inc. Bedford, USA), conditioning cell set 
at 0.15V, analytical cell 1 at 0.4 V and analytical cell 2 at 0.45V, detector sensitivity 
10x100, analytical column Hypersil CPS (cyanopropyl), 5 pm, 250 mm in length, flow 
rate was set 1.5 ml/minute. The mobile phase consisted of 13% acetonitrile, 87%
0.065M sodium dihydrogen phosphate and 1.5 mM sodium dodecyl sulphate adjusted
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to pH 2.4 using orthophosphoric acid. Samples were injected using a WISP 
Autosampler with injection volume 30jjL
2.5.2.3 Analysis of tamoxifen (Stevenson, 1984)
Column Spherisorb, ODS-2, 5 pm, 150mm in length, mobile phase: 50 mM 1-heptane 
sulphonate, sodium salt in MeOH (80%) and 0.1M phosphate buffer (20%), pH 3. 
Flow rate was 1.5 ml/min. WISP autosampler, injection 100 pi. UV Detector Cecil 
1200 High Performance Variable wavelength, 240 nm, 0.05 AUFS.
2.5.2.4 Analysis of chlortoluron (Shahtaheri et aL, 1995)
The Beckman pump was operated at 1 ml/min. Detection was by UV at 244 nm using 
a Pye Unicam LC-UV Detector (Unicam, Cambridge,UK) sensitivity 0.002AUFS. 
The mobile phase consisted o f methanol-water (70:30). Injection volumes o f up to 100 
pi were delivered using a WISP 710A (Waters Associates, Northwich, UK). The 
column was a Bondaclone CIS, 5pm, 250mm in length (Phenomenex, Macclesfiled, 
UK).
2.6 Immunoaffinity sorbents
2.6.1 Clenbuterol antisera
Polyclonal clenbuterol antisera was raised in rabbit using clenbuterol-BSA as an 
immunogen by the School of Biological Sciences, University of Surrey. The clenbuterol 
showed high cross-reactivities with mabuterol and mapenterol (Sayers et al. 1996).
2.6.2 Morphine antisera
Polyclonal antibodies (code: HP/S/844) raised in sheep in response to an N-succinyl- 
normorphine-bovine serum albumin (BSA), were stored at 4°C . These were given to
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us by Dr G.W.Aheme, School o f Biological Sciences, University of Surrey. The initial 
antiserum dilution (that gives rise to a 50% binding o f [3H]-morphine at zero dose) 
was 1:1000 in the assay buffer (Chapman et a l ,  1994).
2.6.3 Solid support
Activated silica has been widely used as the solid support for immunoaffinity sorbents. The 
activated silica used throughout our study was supplied by Clifmar Associates, University 
of Surrey. Controlled pore glass (commercial) was also used as the solid support for 
clenbuterol.
The solid support has a 100 micron diameter, with a 1000 A pore size. The porosity is 1 ml 
per gm and the bulk density is 2.5 ml per gm. Both the silica and porous glass support 
have active aldehyde groups which are bound to the amines of the antibodies.
2.6.4 Preparation of immunoaffinity columns
Immunoaffinity ligands are usually attached to solid supports by covalent bond 
formation. In order to obtain the desired Ag-Ab reaction, a dense and stable coverage 
of the support is required to hold the large fragile molecules of the ligands whose three 
dimensional structure and orientation are important for their activity (Walters, 1985).
The preparation of and-clenbuterol sorbents was carried out by Dr.P.Kwasowski, Clifmar 
Asoociates, Guildford, while the anti-morphine sorbents were prepared in our laboratory 
by Dr.MF.Katmeh. A typical procedure for the preparation of immunosorbents was as 
follows (Katmeh et a l , 1997):
A polypropylene disposable separation column, 11.0 x 1.0 cm provided with polyethylene 
matrix support frit, was packed with 0.83 g of aldehyde activated silica (0.5 g dry activated 
silica = 1.2 g wet weight of sorbents). The column was washed with 50 ml PBS buffer to 
remove the remaining trace of glutaraldehyde in the solid phase. Next, 5 ml of PBS buffer
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was dispensed into the column followed by the addition of 500yul morphine or clenbuterol 
antisera. The column was then closed at both ends and left rolling on a rotamixer for 2 
hours at room temperature. The column was washed further with 10 ml PBS buffer. A 5 
ml aliquot o f 10 mM sodium cyanoborohydride, pH 6, made up with 1 M glycine buffer, 
was carefully added and the column was rotated overnight at room temperature. The next 
day, the sorbent with antibodies immobilised to it was washed with 10 ml 10.036M 
hydrochloric add, pH 2, followed by 20 ml of PBS buffer to remove the excess blocking 
agent. To prevent bacterial growth, the column was stored at a temperature of 4°C after 
the addition of 2 ml of0.14uM  lactose solution, containing 0.1% thimerosal.
2.7 Immunoaffinity extraction
To determine the feasibility o f using immunosorbents to analyse drugs, immunoextraction 
procedures were developed for both morphine and clenbuterol. The methods were then 
optimised to determine the conditions for complete release of the drugs from the 
immunosorbents. Once the optimised condition for each drug was achieved, standard 
curves and column capacities using drugs in PBS were determined. All immunoextraction 
procedures were carried out in replicates I on 2 or more columns.
2.8 Experimental design for immunoextraction studies
Several experiments were carried out to develop and optimise the immunoextraction 
method using clenbuterol and morphine as model compounds. The overview o f the 
experimental design is shown in Figure 2.2 .
72
Im
m
un
oe
xt
ra
ct
io
n 
us
ing
 
or
ga
ni
c 
m
od
ifi
ed
 
PB
S 
at 
low
 
pH
.
!
J
E
B
C/2
H
O
ê
Ë
z
0
OQ
u1
eo
ifi k
S £
<z>
S)
3k
73
§
I0c
3
1
I
L..O
8
5
2CL
•I
8
Î
s
*5oo
o
3
0
1u
CL
&
«
&u
OX)
•Ic
1
3
rt
E
j
CL
1
1
I
*sOJ
73
Fi
gu
re
 
2.2
: 
An
 
ov
er
vie
w 
of 
the
 
ex
pe
ri
m
en
ta
l 
de
sig
ne
d 
for
 
im
m
un
oa
ffi
ni
ty
 
so
lid
 
ph
as
e 
ex
tr
ac
tio
n
2.8.1 Preliminary studies
In the preliminary study, the retention o f clenbuterol and morphine by immunocolumns 
was investigated. Clenbuterol and morphine were both loaded into their respective 
immunocolumns. The columns were washed with 5-10 ml o f PBS or water to remove 
impurities and interferences in the sample solution. Once retention had been 
established, a suitable elution buffer was used to elute the drugs from the 
immunocolumn. Previous optimisation procedures carried out by various investigators 
(Shahtaheri et a/., 1995; Johansson, 1986, Chiabrando et a l ,  1987) were used as a 
guide to determine the best elution method.
The preliminary investigation can be summarised in three steps:
a. Loading
b. Washing
c. Elution
2.8.2 Optimisation procedures
Once the extraction and elution step had been established for each immunoaffinity 
column, an optimisation procedure was carried out to determine the optimum 
condition for immunoextraction o f clenbuterol and morphine. Optimisation of the 
elution buffer was the crucial step for both drugs in our investigation. In order to 
increase the desorption rate o f analyte from the immunosorbent, the organic modifier 
composition in PBS and the pH o f the elution buffer have to be optimised.
A detailed description o f the optimisation step in the immunoextraction procedure for 
morphine and clenbuterol is described in Chapter 3.
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2.8.3 Final protocol for immunoextraction of drugs
For the immunoextractions o f clenbuterol and morphine the following optimised 
protocol was followed:
1. Prime column with 30 ml PBS.
2. Load 1 ml sample into the column.
3. Wash with 15 ml PBS.
4. Elute with 2x1 ml elution buffer.
5. Analyse second 1 ml fraction (E2)
6. Regenerate columns using 30 ml PBS and resuspend sorbents by rotating the columns.
2.8.4 Standard curve
Using the immunoextraction protocol, drugs at 5 concentration levels in PBS were 
loaded into the immunocolumns. The columns were washed with 15 ml PBS. The 
drugs were then eluted using their respective optimised elution buffer. At least 5 
concentrations plus the blank were required to plot the standard curve (Shah et a l, 
1992). The regression equation was calculated as described in Section 2.11.2.
2.8.5 Determination of theoretical binding capacity
It is important that the binding capacity of the sorbent is determined to ensure effident 
recovery of immunoextraction. For a high capatity column with polyclonal antibodies, 
multiple analyte extraction of a range o f drugs within the same group is possible. The other 
advantage o f higher capadty columns is that the column can be re-used many times.
2.8.5.1 Binding capacity by frontal methods (Chase, 1984)
20 to 30 ml o f drug solution was prepared and the solution was loaded into an 
immunocolumn 1 ml at a time. 1 ml o f breakthrough solution was collected after each 
loading. The breakthrough solutions (BT), were analysed by HPLC.
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Once the recovery of drugs in the corresponding BT solution was determined, the 
breakthrough curve was plotted % C/Co vs. sample volume where C is the amount of 
the drug collected in each tube and Co is the concentration added to the column. The 
theoretical binding capacity (qm) was calculated using the following formula:
qm = V x Co
where V is the volume of sample corresponding to 50% C/Co.
The column was then washed with 15 ml PBS and the bound fraction was eluted using 
the elution buffer. The recovery (%) o f the drug in the E2 fraction was calculated 
against a drug standard in PBS as described in Section 2.11.3.1.
2.8.S.2 Addition of excess concentration of analytes
Binding capacity can be estimated by using a simple approach which involves loading 
an excess amount o f analyte to the immunocolumn. Adding excess analyte ensures the 
binding sites are saturated by the analyte. The capacity can then be estimated by 
eluting the bound analyte in the E2 fraction.
2.8.6 Immunoextraction and analysis of drugs in biological fluids
2.8.6.1 Plasma clenbuterol
2.8.6.1.1 Immunoextraction protocol
0.1 ml o f plasma was diluted with 0.9 ml PBS. 1 ml o f the diluted sample was loaded 
into the immunocolumns. Columns were washed using 20 ml o f PBS, followed by 
elution using 2 x 1 ml 50% methanol in PBS, pH 2. The E2 fraction was collected and 
lOOjul o f the extract was injected into the HPLC. The HPLC analysis o f clenbuterol 
was followed according to the method described in Section 2.5.2.1.
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For the precision studies, plasma was spiked at concentrations as shown in Table 2-1. 
The protocol for the immunoextraction procedure was carried out as described in 
Section 2.11.4.
2.8.6.1.2 Plasma protein precipitation
In order to improve the precision o f the analysis of plasma clenbuterol, an additional 
step was introduced. The step involved the precipitation of plasma protein using 
acetonitrile as the precipitating agent. The precipitation was carried out before 
immunoextraction.
1 ml acetonitrile was added to 0.1 ml plasma. The sample was mixed and centrifuged 
at 3000 rpm for 15 minutes. 1 ml o f supernatant was collected and evaporated to 
dryness. The dried extract was redissolved in 1 ml PBS and 1 ml o f the extract was 
loaded into the immunocolumn. The extraction procedure was carried out as described 
in Section 2.8.6.1.1
2.5.6.2 Urine morphine
2.8.6.2.1 Immunoextraction protocol
0.1 ml o f urine was diluted with 0.9 ml PBS. 1 ml of the diluted sample was loaded 
into the immunocolumns. Columns were washed using 20 ml o f PBS followed by 
elution using 2 x 1 ml 40% ethanol in PBS, pH 4. The second 1 ml (E2) fraction was 
collected and 100yul o f the extract was injected into the HPLC. The HPLC analysis o f 
morphine was followed according to the method described in Section 2.5.2.2.
For the precision studies, urine spiked at concentration shown in Table 2-2. The 
procedure was carried out as described in Section 2.11.4.
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2.9 Preparation and evaluation of MIP
Our preliminary investigations focused on the feasibility o f using MIP as a selective 
solid phase extraction sorbent.
2.9.1 Materials and reagents
a. Tamoxifen citrate, MW 563.62 (Sigma-Aldrich Poole, UK)
b. Methacrylic acid, MW 86 (Sigma-Aldrich Poole, UK)
c. Ethylene glycol dimethacrylate, MW 198.22 (BDH-Merck, UK)
d. 2,2-azobis-(2-methylpropionitrile) MW 164 (BDH-Merck, UK)
e. acetonitrile, glacial acetic acid, methanol (all analytical grade reagents)
f. mortar and pestle
g. nitrogen (oxygen free)
h. sample concentrator, Techni Dn-Block DB-3. The apparatus has a heating 
block with temperature ranging from 25° to 200° C and connected to an 
oxygen free nitrogen supply.
2.9.2 Preparation of MIP
Apparatus consisting o f a bottle with N2 inlet and outlet tubing attached through a 
septum cap was set up. 0.56 g (1 mmol, 2 mol%) o f tamoxifen citrate and 0.68 g 
(7.9 mmol, 16 mol%) o f methacrylic acid was added followed by 8.03 g (40 mmol, 
81 mol%) o f ethylene glycol dimethacrylate (EDMA), 7 ml acetonitrile and 0.08 g (0.5 
mmol, 1 mol%) 2,2 azobis-(2-methylpropiomtrile). The cloudy mixture was sparged 
with nitrogen for 5 minutes. The mixture was then polymerised under nitrogen 
atmosphere at 60 0 C on a heating block (Techni Dri-Block) for 16 hours. The 
resulting MIP was removed from the reaction and weighed to determine the yield. A 
similar procedure was carried out to prepare the control polymer but without the 
addition o f tamoxifen citrate to the mixture. The schematic presentation o f the 
preparation o f MIP is shown in Figure 2.3.
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Nitrogen
IN
Nitrogen
OUT
I J j \
1. Methacrylic acid
2. Tamoxifen (template)
3. Ethylene glycol dimethacrylate
4. Acetonitrile
5. 2,2'-Azobis-isobutyronitrile
Heating at 60 C
Figure 2.3: A schematic procedure for the preparation of molecularly 
imprinted polymer (M IP). The reaction took 16 hours heated in the 
presence of nitrogen.
The resulting MIP was ground up and fines were removed by sedimentation from 
acetonitrile. Using a low resolution microscope, the particle size was estimated.The 
control polymer was ground using the same procedure as the MIP. Fines were 
removed by sedimentation. The control polymer was washed with 500 ml acetonitrile 
and air dried at room temperature in the fume cupboard.
2.10 Experimental design for MIP sorbents
A number of experiments were carried out to develop the MIP sorbent extraction. The 
overview of the experimental design is shown in Figure 2.4.
2.10.1 Development of MIP sorbent extraction
The development o f the MIP sorbent extraction can be summarised in five steps:
a. Removal o f template molecule
b. Loading o f samples into columns
c. Washing the sorbent and concentrating the analyte
d. Elution o f analyte from the sorbent using a suitable elution solvent.
e. Priming the column
2.10.1.1 Removal of template molecule
Once the tamoxifen MIP had been prepared, the template must be removed so that 
tamoxifen is able to attach itself to free imprinted sites on the polymer. Based on 
current literature, the methanol/acetic acid combination is one o f the most commonly 
used elution mixtures for removing template molecules from MOP (Kriz et a l ,  1995; 
Matsui et a l ,  1995; Vlatakis et a l,  1993; Sieman et a l, 1995; Anderson et a l ,  1995 ). 
The methanol/acetic acid at increasing acetic acid composition was evaluated.
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The ground MIP was carefully washed, initially with 2 x 250 ml of methanol/acetic 
acid (9:1). The presence o f tamoxifen was monitored after each wash. The MIP was 
then washed with 11 x 100 ml o f methanol/acetic acid (4:1) until no trace of tamoxifen 
was present in the effluent. The particles were then air dried at room temperature in 
the fume cupboard.
2.10.1.2 Loading of sample
PBS and acetonitrile were evaluated as a sample matrix for tamoxifen. 1 ml o f 
tamoxifen in PBS (lug/ml) was loaded into the MIP column. To ensure that it would 
bind to the polymers, tamoxifen was allowed to bind to the sorbent for 12 hours. The 
BT solution from each control and test column was collected. In another experiment 1 
ml tamoxifen standard (^ug/ml) was prepared in acetonitrile. The sample was applied 
to the control and MIP columns. The recovery o f tamoxifen in the breakthrough 
solution o f both columns was calculated. Details o f the experiment are described in 
Section 5.3.
2.10.1.3 Washing
PBS, methanol and acetonitrile were evaluated as washing solvents. All washes were 
collected and evaporated to dryness under nitrogen at 60 °C. The dried extracts were 
redissolved in 200^1 mobile phase and injected into HPLC. Details of the experiment 
are described in Section 5.3.
2.10.1.4 Elution stage
The following elution mixtures were evaluated:
Elution mixture Ratio
Methanol/glacial acetic acid 9 :1 and 4 :1
diethyl ether 100 %
acetonitrile/acetic acid 19: 1,9:  1,4:  1
8 2
The procedures for the elution step are described in detail in Section 5.3.
2.10.1.5 Priming the column
After the elution step was carried out the MIP column was primed using 40 ml 
acetonitrile. This was done to remove the elution solvent and other impurities that 
remained in the column.
2.10.2 Evaporation of fractions
BT solutions, the washes (W) and elution fractions (E) in the investigation were 
collected and evaporated to dryness under nitrogen at 60 °C. The dried fractions were 
redissolved in 200ja\ o f mobile phase and analysed using HPLC.
2.10.3 Final protocol for extraction of tamoxifen by MIP
1 ml o f tamoxifen in acetonitrile (ljig/ml) was loaded into the column. The BT 
fraction was collected. The column was washed with 2 x 5  ml acetonitrile. The column 
was eluted using 3 x 5 ml acetonitrile/ acetic acid (4:1). The BT, washed fractions 
(W5,W10) and eluted fractions (E5, E10, E15) were collected and evaporated to 
dryness. The sorbents were primed with 40 ml of acetonitrile after each extraction.
2.10.4 Preparation of standard curve for tamoxifen using tamoxifen MIP
A series o f standards 0, 50, 100, 250, 400, 500 ng/ml were prepared in acetonitrile. 
For each concentration, 1 ml was loaded into a MIP column. The columns were then 
washed with 20ml acetonitrile. Tamoxifen was eluted using 2 x 10ml acetonitrile/acetic 
acid (4:1). All o f the eluted fractions were collected and evaporated to dryness. The 
extracts were redissolved in 200 id mobile phase and injected into HPLC.
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2.10.5 Specificity of tamoxifen MIP sorbents
lyug/ml each of clenbuterol, tamoxifen, oxyprenolol, chlortoluron and morphine were 
prepared in acetonitrile. 1 ml o f each solution was loaded into test and control 
columns. The breakthrough solution for each column was collected. The columns 
were washed with 3 x 5 ml acetonitrile, and the fractions were collected. The columns 
were then eluted using 3 x 5ml acetonitrile/acetic acid (4:1) and the fractions 
collected. The BT, washed and elution fractions collected were evaporated to dryness 
using nitrogen at 60° C.
2.10.6 MIP sorbent extraction of tamoxifen from plasma and urine
The aim o f this experiment using biological samples was to determine the effectiveness 
of the MIP procedure to extract tamoxifen from plasma and urine. The experiment 
also compared the MIP procedure with published procedures that use solid phase 
extraction (MacCallum et a l ,  1996) and liquid-liquid extraction (Stevenson, 1984).
2.11 Data analysis
In the study, data were analysed to determine :
(1) Mean, standard deviation and the coefficient of variation (%CV)
(2) Regression equation for standard curve
(3) Recovery o f immunoextraction
(4) Precision of analysis
2.11.1 Mean, standard deviation and coefficient of variation
To determine the precision of the immunoextraction method, the mean and standard 
deviation were calculated using Microsoft Excel Version 5 software.
The %CV was calculated using the formula: % CV =(s.d/ mean)x 100
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2.11.2 Regression equation and ‘goodness of fit’
The regression equation was determined using a Microsoft Excel Version 5 software 
to obtain the ‘ goodness o f fit 1 o f the standard curve. The regression equation was 
determined using the equation y= Bx +C, where B is the gradient o f the straight line 
and C is the constant.
2.11.3 Calculation of recovery
The recovery of analyte is the amount of analyte obtained in the effluent after the 
extraction process. The recovery indicates the extraction efficiency o f the method.
2.11.3.1 Percentage of peak height ratio
The recovery o f drugs was expressed as a percentage of the ratio o f peak height o f
drug extracted to the peak height o f unextracted drug standard.
The recovery was calculated as follows:
% Recovery = Peak height or peak area anaivte X 100 
Peak height (or peak area) standard
2.11.3.2 Concentration of drug from standard curve
When using the peak height versus drug concentration curve, the concentration o f the 
drug extracted was obtained directly from the point on the linear plot corresponding 
to the peak height o f the drug in the chromatogram.
2.11.3.3 Recovery calculated from the regression equation
Peak height or peak area data were used to determine the recovery o f drugs. The 
concentration could also be computed using the linear regression program o f a 
scientific calculator.
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2.11.4 Precision Studies
2.11.4.1 Within-day precision!
For within-day analysis, the immunoextraction procedure was carried out at least 6 
times within one day.
2.11.4.2 Between-day precision
For between-day analysis, the immunoextraction procedure was carried out for at least 
6 consecutive days. Mean and standard deviations were calculated for the recovery o f 
immunoextraction. The % CVwas calculated using the formula in Section 2.11.1.
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CHAPTER 3 DEVELOPMENT OF EMMUNOAFFINITY SPE FOR DRUG 
ANALYSIS
In this chapter, the optimisation results o f immunoextraction procedures for model 
compounds, clenbuterol and morphine are presented. The purpose o f this study was to 
determine a standard protocol for the immunoextraction o f drugs using highly selective 
immunosorbents to extract clenbuterol and morphine respectively. Clenbuterol 
(200ng/ml) and morphine (25ng/ml) standards were prepared in PBS. The standard 
protocol determined in this study will be applied to immunoextraction procedures for 
biological fluids (Chapter 4).
3.1 Clenbuterol
3.1.1 Analysis of clenbuterol by HPLC-UV detection
An HPLC with ultraviolet detector was used to monitor all effluent from the 
immunoextraction columns. The method by Botterblom et al. (1993) was sufficiently 
sensitive for our investigation. Electrochemical detection could have been used but 
posed the problem o f contamination o f the working electrodes (Hooijerink et a l ,  
1991) resulting in reduced detector performance over long hours o f use. GC lacked 
sensitivity while ELISA and GC-MS were expensive for our purpose. The HPLC 
conditions for the analysis o f clenbuterol are shown in Section 2.5.2.1.
3.1.2 Clenbuterol immunoaffinity columns
The main objective o f our experiments were to develop and optimise an 
immunoaffinity extraction procedure for clenbuterol. The emphasis o f our investigation 
included the loading o f drugs into an immunocolumn, the washing out o f all unbound 
compounds while retaining clenbuterol in the column, and finally the elution of
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clenbuterol from the column in a minimum volume o f eluent. The HPLC analysis was 
expected to provide a cleaner chromatogram from the extraction.
Approximately 2 g o f wet weight o f immunosorbents was used throughout the study 
so that the column had enough capacity to retain a sufficiently high concentration o f 
analytes. The bed volume for the 2 g column was approximately 0.6 ml. Newly 
prepared columns were washed with 20 ml |a036 M hydrochloric acid followed by 
washing with 40 ml o f PBS. This was necessary firstly, to remove the excess sodium 
cyanoborohydride, used to stabilise the Schiffs base formed during the immobilisation 
process. Secondly, it was necessary to remove the glycine buffer, the blocking agent used 
to block unreacted aldehyde active groups on the silica support. After this, each 
immunoextraction column was regenerated with approximately 30 ml o f PBS. This 
was done to remove any impurities, leaked antibodies and elution buffer that remained 
in the column.
3.1.3 Preliminary work
The experimental design for immunoextraction studies was described in Section 2.8. 
When applying samples into immunocolumns, under ideal conditions, clenbuterol is 
expected to be retained by the antibody and therefore not detected in the BT solution 
or washings. However if the amount o f clenbuterol applied exceeds the column 
capacity, clenbuterol will be detected in the BT solution and washings.
3.1.3.1 Loading of sample
1 ml sample containing 200ng/ml clenbuterol in PBS was loaded into an 
immunoextraction column. 1 ml o f the BT fraction was collected. The flow rate was 
measured to be 1 - 2 ml per minute under gravity. Analysis o f the BT solution did not 
show the presence of clenbuterol. This indicated that the column capacity was higher 
than the concentration of clenbuterol applied to the immunocolumn.
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3.1.3.2 Washing or pre-concentration step
The column loaded with clenbuterol earlier (Section 3.1.3.1), was washed with 
distilled water or PBS. As shown in Table 3-1, analysis o f washing solution (W1 to 
W10, 1 ml fraction each) using water or PBS showed no trace of clenbuterol. This 
indicated that clenbuterol was retained in the column. PBS was the preferred 
washing buffer because o f its consistent pH of 7.2 to 7.4.
Table 3-1: Washing step using distilled water and PBS.
Washing % Recovery
buffer/solution W1 W2 W3 W4 W5 W6 W7 W8 W9 W10
distilled water 0 0 0 0 0 0 0 0 0 0
PBS 0 0 0 0 0 0 0 0 0 0
3.1.3.3 Elution
After loading the column with 1 ml o f clenbuterol in PBS (200ng/ml), the column was 
washed with 15 ml PBS. This was followed by the elution o f clenbuterol using various 
combinations o f organic solvent in PBS, at different pH. The BT, wash fractions and 
elution fractions were collected and analysed. To avoid undesirable effects to the 
antibody, extreme conditions such as 100% organic solvent or strong acid (pH <2) 
were not used. Our results, as shown in Table 3-2 confirmed the earlier reports. The 
addition o f organic modifiers used in conjunction with the low pH buffer increased the 
efficiency o f the elution buffer to desorb clenbuterol. Investigations by several 
workers (Shahtaheri et a l9 1995; Esteban et a l,  1997) indicated that the elution o f 
analytes from the immunoaffinity columns could be carried out using a non-specific 
desorption method by lowering the pH o f the elution solution.
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The mechanism o f the Ab-Ag binding were mainly due to ionic and hydrophobic
interaction. By lowering the pH o f the elution buffer, the hydrogen ions in the elution
buffer will interfere with the bonding between the antibody and the antigen (Philips, 
1984) and the analytes will be eluted from the immunocolumn. The addition o f organic 
modifiers (polarity reducing agents) such as methanol or ethanol, increased the 
desorption of the analytes.
3.1.4 Optimisation of immunoextraction procedure
The preliminaiy study indicated that the most critical step in the immunoextraction 
procedure was the elution stage. In order to optimise the elution step, only one 
variable was altered whilst all others remained constant. A series o f experiments was 
designed for the optimisation of the elution step. 1 ml of clenbuterol in PBS (200 
ng/ml) was loaded into the immunocolumns. The columns were washed with 15 ml 
PBS. Since the washing step had been optimised, clenbuterol was not expected to be 
present in the wash fraction after washing with PBS.
3.1.4.1 Elution of clenbuterol using PBS at variable pH
PBS was adjusted to pH 2, 3, 4, 5, 6 and 7 using orthophosphoric acid. 4 x 1 ml each 
of the pH adjusted PBS was used to elute clenbuterol from four columns. Table 3-3 
shows the recovery o f clenbuterol in the eluted fractions.
Clenbuterol was not eluted from the column at pH 6 and pH 7. However there was a 
gradual increase o f clenbuterol in the eluted fraction as the pH o f PBS decreased. At 
pH 2, 92 % of clenbuterol was recovered in fractions E2, E3 and E4. To remove the 
clenbuterol remaining in the column, the column was washed with 50% methanol/PBS, 
pH 2 followed by 20 ml PBS.
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Table 3-3 : Recovery of 200ng/ml clenbuterol in PBS, eluted by PBS at variable
pH. 1 ml of clenbuterol was loaded into the column.
% Recovery of 200 ng clenbuterol in elution fraction (n=2)
Elution buffer E l E2 E3 E4 Total Recovery
pH 7 0 0 0 0 0
pH 6 0 0 0 0 0
pH 5 0 0 11 10 21
pH 4 0 3 18 21 42
pH 3 0 0 16 26 42
pH 2 0 13 68 11 92
3.1.4.2 Elution of clenbuterol using variable composition of methanol in PBS
An alternative approach to the optimisation was to vary the composition o f the organic 
modifier in PBS, pH 7.2. In this experiment, 1 ml o f clenbuterol in PBS (200ng/ml) 
was loaded into the column, and then washed with 15 ml PBS. Clenbuterol was eluted 
by various compositions o f methanol in PBS. Table 3-4 shows the recovery of 
clenbuterol eluted using various compositions o f methanol in PBS. The results showed 
that the recovery o f clenbuterol increased as the percentage composition o f methanol 
was increased to 50%. When 50% methanol in PBS at pH 7.2 was used, 83% of 
clenbuterol was recovered in E2, E3 and E4 fractions. Therefore, methanol, like pH, 
displayed the ability to disrupt the drug-antibody binding.
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Table 3-4 ; Recovery of200ng/ml clenbuterol in PBS eluted using variable methanol
composition in PBS. 1 ml of clenbuterol was loaded into the column.
Elution buffer
%  Recovery of 200 ng/ml clenbuterol in elution 
fraction (n=2)
E l E2 E3 E4 Total recovery
10% methanol/PBS, pH 7.2 7 7 10 0 24
20% methanol/PBS, pH 7.2 13 0 0 17 30
30% methanol/PBS, pH 7.2 7 7 17 13 44
40% methanol/PBS, pH 7.2 0 7 27 10 44
50% methanol/PBS, pH 7.2 0 10 50 23 83
3.1.4.3 Elution of clenbuterol using 50% methanol in PBS at variable pH
An increase in the organic modifier or further reduction of pH is known to have an 
undesirable effect on the antibody (Mohr & Pommerining, 1986). So as to elute 
clenbuterol in the minimum possible volume, we combined the optimised conditions from 
the earlier experiments as described in Section 3.1.4.1 and 3.1.4.2. Therefore, 1 ml o f 
clenbuterol in PBS (200ng/ml) was applied to the column and then washed with 15 ml 
PBS. Clenbuterol was eluted with 4 x 1ml elution buffer consisting o f 50% methanol in 
PBS at pH 7,6,5,4 ,3  and 2. The results are presented in Table 3-5.
High recoveries of clenbuterol were observed using 50% methanol in PBS, pH 5 to pH 7, 
but was distributed in fractions E2, E3 and E4. As the pH of the elution buffer decreased, a 
gradual increase in clenbuterol recovery in the E2 fractions was observed. When an 
elution buffer at pH 2 was used, all o f the clenbuterol was recovered in one fraction (E2). 
Repeating the extraction, 100 % o f clenbuterol was consistently desorbed from the 
immunocolumn into the E2 fraction when 50% methanol in PBS at pH 2 was used 
(n=10).
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Table 3-5: Recovery of 200 ng/ml clenbuterol using 50% methanol/PBS at
variable pH. Clenbuterol was not detected in the BT and W fractions.
Elution buffer
% Recovery of 200 ng/ml clenbuterol in elution 
fraction (n=2)
E l E2 E3 E4 Total Recovery
50% methanol/PBS, pH 7 0 43 32 10 85
50% methanol/PBS, pH 6 2 50 35 13 100
50% methanol/PBS, pH 5 5 35 38 10 88
50% methanol/PBS, pH 4 0 13 50 8 71
50% methanol/PBS, pH 3 0 50 15 3 68
50% methanol/PBS, pH 2 0 108 0 0 108
3.1.5 Final protocol for immunoextraction of clenbuterol
The final optimised conditions for the immunoextraction of clenbuterol were as follows:
1. Column was primed with 30 ml PBS.
2*1 ml sample in PBS, pH 7.2 (200ng/ml of clenbuterol) was applied to the column.
3. Column was washed with 15 ml PBS.
4. Column was eluted with 2 x 1 ml 50% methanol/PBS, pH 2 elution buffer.
5. The second 1 ml fraction (E2) was analysed.
6. Columns were regenerated using 30 ml PBS and soibents resuspended by rotating
the columns.
* The sample applied throughout optimisation
Figure 3.1 shows the HPLC tracings o f BT, wash and elution fractions using the 
immunoextraction protocol. The tracings demonstrate the I absence o f clenbuterol in the BT 
and wash fractions. 100 % of clenbuterol was recovered i in the E2 fraction.
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Figure 3.1 : Tracings of the immunoextraction of 200 ng/ml clenbuterol in PBS 
showing the clenbuterol standard, the recoveries of clenbuterol in the BT, wash 
(W1..W5) and elution (E1..E2) fractions.
The HPLC conditions: analytical column Spherisorb ODS-2 (5pm), UV detector wavelength 230 
nm, sensitivity 0.002 AUFS, , flow rate 1 ml/min, mobile phase 25% MeCN, 74% 0.05M sodium 
dihydrogen orthophosphate and 1% triethylamine adjusted to pH 2.5 using orthophosphoric acid, 
WISP autosampler injection volume 100 pi
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3.1.5.1 Analytical considerations using HPLC-UV
In order to obtain reliable results for the study, the HPLC must be able to analyse 
analytes with good precision and accuracy. In the determination of clenbuterol, a UV 
detector at wavelength 230 nm was used. A 100 ul volume of sample was injected 
using a WISP autosampler. The retention time o f clenbuterol was approximately 5.5 
minutes at 1 ml/min pump flow rate. The main problem that we encountered was an 
erratic baseline. This instability was possibly attributed to the pump, the mobile phase 
and the priming o f the HPLC system after use. The inefficiency of the pump resulted in 
a regular pulsation in the chromatogram. This may be attributed to a dirty inlet check- 
valve or impurities deposited in the pump-head. Sonicating the check-valves or 
replacing the piston seals resulted in improvements in the baseline stability.
The use o f acetonitrile, phosphate and triethylamine (25:75:0.1) as the mobile phase 
caused detector instability after changing from the mobile phase to the priming 
solution. As a practice, distilled deionised water was used to prime the system at the 
end of each analysis, then changed directly to the mobile phase when the system was 
going to be used for analysis. This method usually took 3- 4 hours to stabilise the 
system. Priming with acetonitrile/water (30:70) for 15 minutes before using the mobile 
phase improved the baseline stability.
Typical HPLC traces for the analysis o f clenbuterol are shown in Figure 3.2. The 
tracings represents that o f (a) distilled water (b) PBS (c) elution buffer (50% methanol 
in PBS, pH2 and (d) the clenbuterol standard in PBS (400 ng/ml).
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Figure 3.2: Typical HPLC tracings of (a) distilled water (b) PBS (c) eluent and 
(d) clenbuterol standard (400 ng/ml in PBS).
The HPLC conditions: analytical column Spherisoib ODS-2 (5pm), UV detector wavelength 230 nm, 
sensitivity 0.002 AUFS, , flow rate 1 ml/min, mobile phase 25% MeCN, 74% 0.05M sodium 
dihydrogen orthophosphate and 1% triethylamine adjusted to pH 2.5 using orthophosphoric acid, 
WISP autosampler injection volume 100 pi
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3.1.6 Specificity of clenbuterol immunocolumns
In order to investigate the specificity and the extent of non-specific binding of the 
immunoextraction, clenbuterol was loaded into columns packed with clenbuterol 
immunosorbent and non-specific sorbents such as anti-morphine immunosorbent, non­
immunised serum soibents and activated silica. Clenbuterol was extracted according to the 
same final protocol described in Section 3.1.5.
As shown in Table 3-6, clenbuterol was eluted from the clenbuterol specific 
immunosorbents in the E2 fraction with a high recovery of > 98%. In the non-specific 
columns clenbuterol was not retained by the column as indicated by its distribution in the 
wash and elution fractions. This result confirms that the clenbuterol specific immunocolumn 
retained clenbuterol while the other non-specific columns were not selective, and that 
clenbuterol was washed out of the column in the washing stage.
Table 3-6: Selectivity of clenbuterol immunocolumn using specific and non-specific 
specific sorbents
Sorbents % Recovery of clenbuterol in eluted fraction (n=2)
BT W1 W2 W3 W4 W5 El E2 E3 E4
Anti-clenbuterol 0 0 0 0 0 0 0 108 0 0
Normal sheep serum* 0 0 21 41 24 14 0 0 0 0
Anti-morphine 0 0 35 46 19 0 0 0 0 0
Activated silica** 0 48 36 29 0 0 0 0 0 0
* a normal (non-specific) serum was immobilised onto activated silica.
** Activated silica was prepared following a similar procedure to the other sorbent but.
without the addition of serum.
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3.1.7 Binding capacity for clenbuterol immunosorbents
3.1.7.1 Frontal method
Using the frontal method as described in Section 2.8.5.1, the binding capacity o f the 
immunosorbents (2g) was determined. 20 ml of clenbuterol solution (50ng/ml) was 
prepared and 1 ml o f the solution was continuously added to the immunocolumn. 1 ml 
of the BT solution was collected after each loading and then analysed by HPLC. The 
recovery (%) was calculated against a 400 ng/ml standard in PBS as described in 
Section 2.11.3.L
The clenbuterol measured was calculated as C/Co where C is the amount of 
clenbuterol collected in each tube and Co is the concentration of clenbuterol added to 
the column. As shown in Figure 3.3, a BT curve was plotted against the volume o f the 
sample applied. The theoretical binding capacity was calculated using the following 
formula:
qm = V x Co
where V is the volumn o f sample corresponding to 50% C/Co. From the graph, the 
estimated binding capacity for the immunocolumn was 463 ng.
3.1.7.2 Determination of capacity by loading excess clenbuterol
Binding capacity can be estimated using a simple approach that involves loading excess 
analyte to the immunocolumn (Faqam et al., 1991b, Komatsu et al., 1991) . By adding 
excess analyte, the binding sites will be saturated. The capacity can then be estimated 
by eluting the retained analyte.
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qm=Vo X Co
where qm=theoretical binding capacity 
Vo=volume o f clenbuterol added at 50% C/Co 
Co=concentration o f clenbuterol added to column 
C= concentration o f clenbuterol collected after each 1 ml loading
From the graph, when Vo = 9.25 ml, qm for column = 463 ng 
The recovery from the E2 fraction was 356 ng
Figure 3.3: The determination of theoretical binding capacity of clenbuterol 
immunoaffinity columns
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Using the clenbuterol saturated sorbent from the frontal analysis (Section 3.1.7.1), 
the column was washed with 15 ml PBS to remove any unbound clenbuterol. 
Clenbuterol was eluted using 50% methanol/PBS, pH 2 elution buffer. The recovery in 
the E2 fraction was calculated. Using this procedure the clenbuterol column capacity 
was found to be 356 ng clenbuterol. This procedure may be used to check column 
capacities after immunoextraction was carried out. However the procedure provide 
only an estimate rather than an accurate binding capacity as the frontal method.
3.1.8 Standard curve for clenbuterol
Following the determination o f the column capacity, the working range o f the 
standard curve was estimated as 0 to 500 ng/ml. A clenbuterol standard higher than 
the column capacity will result in lower recovery values. 1 ml o f each standard 
solution in PBS (0, 100, 200, 300, 400 and 500 ng/ml) was loaded into 
immunocolumns. Using the immunoextraction protocol (Section 3.1.5), only the E2 
fraction for each concentration extracted was analysed. A standard curve o f peak 
height against clenbuterol concentration was plotted.
Figure 3.4 shows the standard curve for the immunoextraction o f clenbuterol using 
standards in PBS. The regression equation was y = 0.0987x + 3.9508, and the 
correlation coefficient, r = 0.984 at a linear range 0 to 500ng/ml.
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A calibration plot for clenbuterol standard in PBS 
extracted using immunoaffinity SPE
y = 0.0987x + 3.9508 ♦  
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Figure 3.4: The standard curve of clenbuterol of immunoextracted standards in 
PBS . The concentration range of clenbuterol standards were 0 to 500 ng/ml.
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3.1.9 Immunoextraction flow rate
The column flow rate was measured as 1 - 2 ml per minute throughout the extraction 
procedure. The use of vacuum extraction at 4 ml per minute for loading, washing and 
elution steps showed a lower recovery o f clenbuterol in the E2 fraction. The results 
(Table 3-7) suggested that there was insuEcient time for the clenbuterol to interact 
with the immunosorbent.
Table 3-7: The recovery of 200 ng/ml clenbuterol in PBS using (i) gravitational 
flow and (ii) vacuum flow rate at 4 ml/min
% Recovery of 200 ng/ml clenbuterol in PBS (n=2) 
Vacuum flow rate E l E2 E3
1-2 ml/min (gravitational) 0 100 0
4 ml/min 0 74 0
3.2 Morphine
3.2.1 Analysis of morphine byHPLC-EC
Morphine analysis was carried out using a modification o f the method o f Ohno et al. 
(1994) and Pawula et al. (1994). Detection o f morphine using HPLC-EC was known 
to be most suitable for the detection o f low levels o f morphine and metabolites 
(Tagliaro et a l,  1989). Details o f the HPLC set up was described in Section 2.5.22.
3.2.2 Morphine immunoaffinity columns
Approximately 2 g wet weight o f morphine immunosorbents was used. The bed 
volume was approximately 0.6 ml. New immunocolumns required washing with 10.036 M 
HC1 followed by 30-40 ml PBS to remove the excess blocking agent from the
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immobilisation step. After each extraction, columns were regenerated with 30-40 ml o f  
PBS.
The procedure used for the development and optimisation o f immunoextraction for 
morphine was similar to that used for clenbuterol (Section 3.1.3 and Section 3.1.4).
3.2.3 Preliminary Work
After loading 1ml o f morphine standard in PBS (lOOng/ml), morphine was not 
detected in the BT solution. However morphine was detected in the wash fractions. 
This result suggested that the capacity o f the morphine immunosorbents was low. In 
order to confirm this, 1 ml sample containing 25 ng/ml morphine in PBS was loaded 
into the immunocolumn. Morphine was not detected in the PBS wash. At tins stage 
morphine was retained in the immunocolumn. The average column flow rate measured 
was approximately 1 to 1.5 ml per minute under gravity.
The effect of elution buffer pH and modifier type and composition was studied and the 
results are shown in Table 3-8. Using 10% of acetonitrile and varying the pH from 
alkaline to acidic, a shift o f morphine recovery was observed. Increasing amount o f 
morphine was recovered from E5 towards the E3 fraction as the pH became more 
acidic. The use o f 50% ethanol or methanol in PBS at pH 2 recovered more than 70% 
morphine in a single E2 fraction. This was further confirmed by the 100 % recovery o f 
morphine in a single E2 fraction when 60% ethanol at pH 2 was used. Increasing the 
percentage composition o f organic modifier (methanol and ethanol) at low pH buffer, 
therefore, played an important role in the desorption o f morphine from the antibody.
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3.2.4 Optimisation
The approach to the optimisation procedure was similar to that used for clenbuterol 
(Section 3.1.4). In the preliminary work, the most critical step in the immunoextraction 
of morphine was the elution step. The loading and washing steps were similar to that 
o f clenbuterol. However, since different types o f antibody possessed different avidity 
and characteristics, the elution o f morphine was optimised based on the findings o f the 
preliminary work on morphine.
3.2.4.1 Elution of morphine using PBS at variable pH
1 ml of morphine standard in PBS (25ng/ml) was loaded into the column. After 
washing with 15 ml PBS, morphine was eluted using 4 x 1 ml o f elution buffer PBS at 
pH 7, pH 6, pH 5 and pH 4. For each pH, 4 x 1 ml fraction (El to E4) was collected.
As shown in Table 3-9, the highest recoveries for morphine were at pH5 to pH 7. The 
columns were washed with 50% ethanol in PBS, pH 2, to remove the morphine that 
remained in the column.
Table 3-9 : Recovery of 25 ng/ml morphine in PBS, using elution buffer PBS at 
variable pH
Elution buffer % Recovery of morphine in eluted fraction (n=2)
E l E2 E3 E4 Total recovery
pH 7 15 19 7 15 56
pH 6 15 15 7 7 44
pH 5 11 16 24 18 69
pH 4 8 7 8 8 31
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S.2.4.2 Elution of morphine using variable composition of ethanol in PBS
After loading 1 ml o f morphine standard in PBS, pH 7.2 (25 ng/ml), the columns were 
washed with 15 ml o f PBS, and then morphine was eluted by 10% to 40% ethanol in 
PBS, pH 7.2. The results are presented in Table 3-10. Using different percentage of 
ethanol in PBS, pH 7.4, the recovery of morphine was highest in the elution buffer that 
contained 40% ethanol in PBS. The highest concentration of morphine was found in the 
E2 fraction. At 10% to 30 % ethanol composition, the mean recovery was approximately 
70 %. The experiment showed that 40% ethanol in PBS rapidly desorped morphine from 
the immunosorbent. The columns were washed with 50% ethanol in PBS, pH 2, to 
remove the morphine that remained in the column.
Table 3-10: Recovery of 25 ng/ml morphine in PBS, eluted with variable 
composition of ethanol in PBS, pH 7.2
Elution buffer
% Recovery of morphine in eluted fraction (n-2)
E l E2 E3 E4 Total recovery
10% ethanol/PBS pH 7.2 9 22 22 17 70
20%ethanol/PBS pH 7.2 13 35 17 4 69
30%ethanol/PBS pH 7.2 9 39 17 4 69
40%ethanol/PBS pH 7.2 9 65 9 0 83
3.2.43 Elution of morphine using 40% ethanol in PBS at variable pH
The results in Section 3.2.4.1, indicated that morphine recovery was highest at pH 5 
to pH 7. In order to elute morphine in the minimum volume o f elution buffer, we chose 
the optimised organic modifier composition, 40 % ethanol in PBS but varied the pH o f 
the buffer. Following similar steps of loading and washing, as described in Section
3.2.4.1 and 3.2.4.2, 100 % of morphine was recovered from the column using 40% 
ethanol in PBS at all o f the pH used. However, only the elution buffer, at pH 4, eluted
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morphine in a single E2 fraction ( Table 3-11). This result suggests that it was 
unnecessary to use a higher ethanol composition or a lower pH, since with the 
optimised elution buffer conditions, 100% of morphine was eluted.
Table 3-11: R ecoveiy of m orphine using 40%  ethanol in PBS a t different pH
Elution buffer
% Recovery of morphine in eluted fraction (n=2)
E l E2 E3 E4 Total recovery
40% ethanol,pH 7 10 65 25 0 100
40% ethanol, pH 6 13 74 13 0 100
40% ethanol, pH 5 13 67 0 0 100
40% ethanol, pH 4 0 100 0 0 100
3.2.4.4 Elution of morphine using 40% ethanol in different types of buffer, pH 4
Various types o f buffer were evaluated as alternatives to PBS. Similar loading and 
washing protocols were followed. Morphine was eluted using 4 x 1 ml of 40% ethanol 
in different types o f buffer. Table 3-12 shows the total recovery of morphine from the 
immunocolumns. Only the elution buffer 40% ethanol in PBS, pH 4 (adjusted by acetic 
acid) recovered 100 % morphine in one fraction. It is interesting to note that a high 
recovery o f morphine was observed in the E2 fraction in all elution buffers. 
Differences in the recoveiy o f moiphine using the same composition o f ethanol and pH 
4 may be due to the nature o f the buffer used which caused a shift in the capacity 
factor, k \ The elution buffer consisting o f 40% ethanol in phosphate buffer was not 
determined due to the cloudy nature o f all eluted fractions.
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Table 3-12: Recoveiy of 25 ng/ml morphine eluted by 40% ethanol in various
types of buffer
% Recovery of morphine (n=2)
Elution buffer E l E2 E3 E4 Total Recovery
(a) 40%Ethanol/Citrate-phosphate, pH 4 
(adjusted with phosphoric add)
11 55 26 10 101
(b) 40% Ethanol/0.3% HC1, pH 4 
(adjusted with IN NaOH or HC1)
0 65 24 11 100
(c) 40% Ethanol/PBS, pH 4 
( adjusted with acetic acid)
0 100 0 0 100
(d) 40% Ethanol/Phosphate buffer, pH 4 
(adjusted with phosphoric acid)
** ** ** ** **
** cloudy solution
3.2.4.S Elution of morphine using different types of acid for pH adjustment o f 
elution buffer
In the preparation o f the elution buffer, 40% ethanol in PBS was adjusted using three 
types of acid to elute morphine from the immunosorbents. Using the procedure for 
loading and washing as previously mentioned, 25 ng/ml o f morphine was eluted using 
elution buffers at pH 4. The elution buffers were adjusted using orthophosphoiic acid 
and glacial acetic acid.
Table 3-13 shows the results that illustrate the important role o f acid in pH adjustment. 
The inconsistency o f the results may be due to a shift in the capacity factor, k' o f the 
immunocolumns when different acids are used.
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Table 3-13: Recovery of 25ng/ml morphine in PBS, using elution buffer, 40%
ethanol in PBS, pH 4 adjusted with different types of acids. 1 ml of morphine in
PBS was loaded into the column.
Acid used to adjust buffer % Recovery of morphine (n=2)
E l E2 E3 E4 Total recovery
Orthophosphoiic acid 0 38 23 15 76
Glacial Acetic acid 0 100 0 0 100
3.2.5 Final extraction protocol for morphine
The final optimised conditions for the immunoextraction of morphine were as follows:
1. Column was primed with 30 ml PBS.
2.* 1 ml sample in PBS (25 ng/ml o f morphine) was applied to the column.
3. Column was washed with 15 ml PBS.
4. Column was eluted with 2 x 1 ml 40% ethanol/PBS, pH 4 elution buffer.
5. The second 1 ml fraction (E2) was analysed.
6. Columns were regenerated using 30 ml PBS and sorbents resuspended by rotating
the columns.
* The sample applied throughout optimisation
Figure 3.5 shows the chromatogram o f BT, W and E fraction collected using the 
immunoextraction protocol Morphine was recovered in the elution fraction E2.
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Figure 3.5: Tracings of the immunoextraction of 25ng/ml morphine in PBS 
showing the morphine standard, the recoveries of morphine in the BT, wash 
(W1..W5) and elution (E1..E2) fractions.
HPLC conditions: Hypersil CPS column, 150 mm length (çyanopropyl, 5 pm), Coulochem ESA
5100A electrochemical detector, conditioning cell set at 0.15V, analytical cell 1 at 0.4 V and
analytical cell 2 at 0.45V, detector sensitivity 10 x 100, flow rate 1.5 ml/min. The mobile phase 13%
MeCN, 87% 0.065M sodium dihydrogen phosphate and 1.5 mM sodium dodecyl sulphate, pH 2.4 ,
WISP Autosampler with injection volume 30 ul.
I l l
3.2.5.1 Analytical considerations when using HPLC-EC
It was important that the analysis o f morphine using the coulometric detector produced 
reliable results. As presented in Table 3-14, after injection into the HPLC, o f 100 ul o f 
morphine in PBS and in elution buffer (both 25ngZml) respectively, the former showed 
a consistent result compared to morphine in elution buffer (40% ethanol in PBS, pH 
4). However in this study we were comparing the recoveries o f morphine eluted in the 
elution buffer. It was therefore preferable that the morphine standard should be in the 
same matrix as the morphine recovered from the immunoextraction. The presence of 
ethanol and the acidic pH (pH 4) o f the eluent could have contributed to the detection 
problem. Another possibility was that the injection volume may have been too high for 
the analytical column.
To improve the chromatographic performance, samples were sonicated for 30 seconds 
to ensure homogeniety o f morphine in the eluent. The use of 30^il injection instead of 
a lOOjul sample resulted in an improvement in the detection o f morphine. The use o f a 
smaller amount o f injection (30yul) probably reduced the solvent effect from ethanol 
or acid in the eluent. The condition o f the in-line filter, the conditioning cell, the 
analytical cells and the HPLC pump pressure were monitored and checked eveiy two 
weeks or when necessaiy.
Table 3-14: Comparison of retention time and recovery of 25 ng/ml morphine 
standard prepared in PBS and in elution buffer.
Matrix Retention time (min) Area (integration unit) Peak height (cm)
Sample no. I n m i  n  m I n  m
PBS 7.41 7.43 7.47 75233 76814 71855 3 3 3
Eluent 7.14 6.85 6.89 56455 79744 117535 0.8 0.9 1.5
Typical HPLC traces for the analysis o f morphine are shown in Figure 3.6.
1 1 2
40363024181260
time (min)
Figure 3.6 : HPLC tracings of (a) distilled water (b) deionised water (c) PBS 
(d) elution buffer and (e) morphine standard (100 ng/ml) measured by HPLC-EC 
with mobile phase 13% acetonitrile in phosphate buffer (0.05 M) and 50 mM 
sodium dodecyl sulphate at oxidation potential of 0.4 V.
HPLC conditions: Hypersil CPS column, 150 mm length (çyanopropyl, 5 pm), Coulochem ESA 
5100A electrochemical detector, conditioning cell set at 0.15V, analytical cell 1 at 0.4 V and 
analytical cell 2 at 0.45V, detector sensitivity 10X100, flow rate 1.5 ml/min. The mobile phase 13% 
MeCN, 87% 0.065M sodium dihydrogen phosphate and 1.5 mM sodium dodecyl sulphate, pH 2.4, 
WISP Autosampler with injection volume 30 ul.
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3.2.6 Specificity of morphine immunocolumns
In order to investigate the specificity and extent of non-specific binding of the 
immunoextraction, 1 ml of morphine (25ng/ml) was loaded into columns packed with 
morphine immunosorbent, and non-specific sorbents such as clenbuterol immunosorbent, 
non-immunised serum sorbents and activated silica. Morphine was extracted according to 
the immunoextraction protocol described in Section 3.2.5.
The results in Table 3-15 shows that for the morphine specific immunosorbents, morphine 
was eluted in 1 fraction (E2) with a high recoveiy. In the non-specific columns, morphine 
was not retained by the column as shown by its distrbution in the wash and eluted 
fractions. This result indicates that moiphine specific immunocolumns retain morphine 
while the other non-specific columns were not selective and moiphine washed out o f the 
column during the washing stage. This result is consistent to the results for the clenbuterol 
column ( see Section 3.1.6).
Table 3-15: Recovery of morphine (25ng/ml) compared to non-specific 
immunoaffinity sorbents
%  Recovery of 25ng/ml morphine (n=2)
Elution Buffer BT W1 W2 W3 W4 W5 El E2 E3 E4
Anti-morphine 0 0 0 0 0 0 0 100 0 0
Normal sheep serum* 0 17 51 34 0 0 0 0 0 0
Anti-clenbuterol Ab 0 0 66 29 5 0 0 0 0 0
Activated silica** 0 30 58 11 4 0 0 0 0 0
* a normal (non-specific) serum was immobilised onto activated silica.
** Activated silica was prepared following a similar procedure to the other sorbent but
without the addition of serum.
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3.2.7 Binding capacity of morphine immunosorbents
3.2.7.1 Frontal method
The binding capacity of morphine immunosorbents was measured according to the 
method used for clenbuterol in Section 3.1.7.1 and Section 3.1.7.2. 20 ml o f morphine 
solution (ISng/ml) was prepared. The solution was loaded into the immunocolumn 1 
ml at a time. The 1 ml BT solution was collected after each 1 ml loading and measured 
by HPLC. The recoveiy (%) was calculated against a 50 ng/ml standard as described 
in Section 2.11.3.1.
The determination o f theoretical binding capacity using the frontal method was 
described in Section 3.I.7.I. As shown in Figure 3.7, a BT curve o f C/Co against the 
fraction number (V) was plotted. From the graph, the estimated binding capacity for 
the immunocolumn was 72 ng.
3.2.7.2 Determination of column capacity by loading excess morphine
The column was washed with 15 ml PBS and the bound morphine fraction was then 
eluted using 3 x 1ml 40% EtOHZPBS, pH 4. The concentration o f the bound morphine 
was determined by measuring the recovered morphine in the E2 fraction by HPLC. 
The concentration o f bound morphine was 75 ng.
3.2.8 Standard curve for morphine analysis
Once the column capacity has been determined, the working range o f the standard 
curve can be estimated. Since the capacity o f morphine immunosorbents was low for 
this batch of antisera, the range o f standard used was between 10 and 50 ng/ml. A  
standard curve was plotted using 0, 10, 20, 30, 40 and 50 ng/ml o f morphine 
standards. Figure 3.8 shows the standard curve for the immunoextraction o f morphine 
using standards in PBS. The regression equation was y= 0.5829x + 1.43 and the 
correlation coefficient, r was 0.987 at a linear range 0 to 50 ng/ml.
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Vo=4.8 ml
Fraction number (1 ml/fraction) 
qm=Vo X Co
where qm=theoretical binding capacity 
Vo=volume o f morphine added at 50% C/Co 
Co=concentration o f morphine added to column 
C= concentration o f morphine collected after each 1 ml loading
From the graph, when Vo = 4.8 ml, qm for column = 72 ng 
The recovery from the E2 fraction was 75ng
Figure 3.7: The determination of theoretical binding capacity of morphine 
immunoaffinity columns
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A calibration plot for morphine standard in PBS 
extracted using immunoaffinity SPE
y = 0.5829x +1.4286 
R2 = 0.9746 y30 --
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j Note: This line may not represent the best fit and saturation curve may be more appropriate
Figure 3.8: The standard curve for the immunoextracted morphine in PBS
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3.2.9 Immunoextraction flow rate
Throughout the extraction procedure the morphine immunocolumn flow rate was 
measured at 1-1.5 ml per minute. The use o f vacuum extraction at 4 ml per minute 
for loading, washing and elution steps showed a lower recovery of morphine in the 
E2 fraction. Table 3-16 illustrates the low morphine recoveiy due to morphine being 
washed out during the vacuum extraction. This result suggested that there was 
insufficient time for morphine to bind to the immunosorbent.
Table 3-16: The recovery of 30 ng/ml morphine in PBS using (i) gravitational 
flow and (ii) vacuum flow rate at 4 ml/min
Recovery of 25 ng/ml morphine in PBS (%) (n=2)
Vacuum flow rate BT W1 W2 W3 W4 W5 E l E2 E3 E4
1.5 ml/min 
(gravitational)
0 0 0 0 0 0 0 100 0 0
4 ml/min 
(vacuum)
o o 0 54 6 5 0 11 5 5
3.3 Discussion
Using model compounds clenbuterol and morphine, the performance o f the 
immunocolumns was investigated. In this study, a procedure using immunoaffinity 
SPE was developed and optimised. To develop a selective immunoextraction, three 
basic protocols, similar to the conventional SPE were used. The protocol involved 
firstly loading o f samples, secondly sample clean-up, and finally the elution o f analyte 
from the column. The selective SPE was intended to be used as a sample preparation 
procedure for biological fluids and other complex matrices. The extraction is expected 
to provide a cleaner extract o f analyte with minimum interfering components.
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Having identified the three main protocols of investigation, the presence of drugs in 
the BT solution, washings and elution fractions were momtored. It is essential to use a 
reliable detection system to monitor the presence of drugs in the various fractions. For 
all o f our investigations, HPLC was used to monitor the effluents. The advantage of 
using HPLC, was that the effluent was mainly aqueous and could be injected directly 
into the HPLC. Complicated steps, such as solvent evaporation and analyte 
derivatisation were then omitted.
The capacity studies and the optimisation of the elution step for clenbuterol and 
morphine suggested that the clenbuterol antibody was more efficient at retaining 
clenbuterol than the morphine antibody was at retaining morphine. An elution buffer with 
lower pH and higher percentage o f organic modifier was required to release drugs 
from the clenbuterol immunosorbent compared to the morphine immunosorbent. This 
also suggests that higher avidity antisera will result in a better selectivity 
immunosorbent. However, weak antisera such as our morphine antisera may be useful 
for analytes that require milder and gentle elution conditions.
The loading of drugs into the immunocolumns was carried out using 1 ml o f drug in 
PBS. 1 ml of BT solution was collected and analysed by HPLC. Drugs detected in the 
BT fraction indicated that the concentration of the drugs had exceeded the capacity of 
the column. In the washing step, all interfering substances that were not bound to the 
antibody were removed from the column while analytes specific to the immobilised 
antibody were retained (see Chapter 1, Figure 1.5). The washing of immunocolumns 
was carried out using water or PBS. Both columns were able to retain drugs under 
these washing condition. This was shown by the absence o f clenbuterol or morphine in 
the washing fractions. PBS was preferred to water due to its consistent pH o f 7.2 to 
7.4.
In our preliminary work, the main emphasis in the elution technique was to use an 
organic modifier at low pH. Ethanol and methanol as high as 50% were used with PBS 
at pH 2. This has been proven successful by previous workers (Shahtaheri et a i.
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1995; Esteban et a l ,  1997). However harsh elution conditions are always undesirable 
to the life o f antibodies. Therefore the elution procedure for both model compounds 
should be optimised using the mildest conditions possible.
In the optimisation step, both clenbuterol and morphine were eluted in the E2 fraction 
of the elution step. For clenbuterol, lowering the pH and increasing the percentage of 
organic modifier in the elution buffer recovered substantial amounts o f clenbuterol 
from the column (Table 3-3 and Table 3-4). However desorption of morphine was 
more effective by increasing the percentage organic modifier than by lowering o f the 
buffer pH (Table 3-9 and Table 3-10). The difference may be due to the extent of the 
ionic and the hydrophobic interaction o f morphine and clenbuterol with their 
respective antibodies.
Morphine columns were used to illustrate the effects o f 40% ethanol in various buffers 
other than PBS, at pH 4, for dissociating drugs from the antibody. Citrate-phosphate 
buffer or 0.3% HC1 with 40% ethanol at pH 4 did not elute morphine in one single 
fraction but morphine was distributed throughout fractions E1,E2, E3 and E4 (Table 
3-12). Changing the aqueous buffer may have caused the column capacity factor, k', 
to increase slightly and thus resulted in the gradual elution of morphine from the 
column. This was also observed if orthophosphoric acid was used instead o f glacial 
acetic acid to adjust the pH of the elution buffer (Table 3-13). This experiment also 
suggests that any change in the elution buffer characteristics may require re­
optimisation o f the elution step.
The final protocol for the immunoextraction of drugs is summarised as follows:
1. Prime column with 30 ml PBS.
2. Load 1 ml sample into column.
3. Wash with 15 - 20 ml PBS.
4. Elute with 2 x 1ml elution buffer, at low pH
5. Analyse second 1 ml fraction (E2)
6. Regenerate columns using 30 ml PBS
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7. Resuspend the sorbents by rotating the columns.
Using the protocol, only the E2 fraction was collected and analysed.
In order to demonstrate that the retention of the drugs was specific mainly to antibody- 
drug interaction, the immunoextraction protocol was extended to other non-specific 
columns and activated silica. For clenbuterol extraction, the clenbuterol 
immunocolumn, morphine immunocolumn, pre-immune serum column and activated 
silica column were used (Table 3-6 ). The pre-immune antisera column used normal 
sheep serum and was treated similar to the antisera. The activated silica sorbent was 
prepared in a similar manner to pre-immune serum sorbent but did not have serum 
added to it. The results showed that 100% of clenbuterol was eluted in the E2 fraction 
in the anti-clenbuterol column but not in the non-specific columns. In the non-specific 
column, clenbuterol was washed out of the column in the washing stage, as the drug- 
antibody interaction did not take place. A similar pattern was observed for morphine 
immunoextraction when morphine immunocolumn and non-specific columns were 
used (Table 3-15).
To determine the column binding capacity the frontal analysis (Figure 3.3 and Figure 
3.7) was used. By continuously adding 20 to 30 aliquots o f the drugs into the column, 
the binding sites were expected to be occupied by the drugs. Due to the laborious 
nature of the method, the frontal method, however, was not used for regular 
determination o f column capacity. An alternative procedure to determine the capacity 
was employed. The procedure was carried out by adding an excess amount o f drug to 
the immunocolumn, washing with PBS and eluting the drug with the elution buffer. By 
doing this, it was expected that the drugs would occupy maximum binding sites while 
the unretained drug would be washed out of the column. Elution o f the bound drug 
would then indicate the capacity of the immunocolumn. The clenbuterol 
immunocolumn has been shown to have a column capacity of over 400 ng while the 
morphine immunocolumn had approximately 72 ng morphine capacity.
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A standard curve was prepared for immunoextraction of both model compounds 
Standard curves for clenbuterol and morphine were linear for each concentration range 
of 0 to 500 ng/ml and 0 to 50 ng/ml respectively with a correlation coefficient, r, 
greater than 0.97 for both drugs (See Figure 3.4 and Figure 3.8). This indicates that 
the extraction efficiency was directly proportional to the concentration of drugs 
loaded into the immunocolumns.
The flow rate of the column was determined by measuring the volume o f the effluent 
collected per minute. For both clenbuterol and morphine immunocolumns, flow rates 
were estimated to be 1-2 ml per minute. Using a vacuum manifold to cany the 
extraction from loading, washing and elution, with flow at 4 ml per minute a decrease 
in the recovery of clenbuterol was observed (Table 3-7). Repeating the experiment 
with morphine showed 65% of morphine was detected in the wash fraction (Table 3- 
16). The use of vacuum extraction at 4ml/min effluent flow, did not allow sufficient 
time for the drugs to bind to the sorbents.
The development and optimisation of the immunoextraction for drugs were 
successfully carried out. The results from the investigations demonstrated the potential 
of the antibody based SPE technique which could give a practical solution to a 
selective isolation of analytes under optimised conditions. Furthermore, the 
optimisation steps enabled us to achieve a consistent recovery o f 100% for both 
clenbuterol and morphine in a single 1 ml fraction. So far the immunoextraction 
protocol was consistent within several batches o f antisera used. The 
immunoextraction protocol for each type of model compound will now be evaluated 
using more complex matrices such as urine and plasma (see Chapter 4).
CHAPTER 4 APPLICATION OF IMMUNOAFFINITY EXTRACTION TO 
BIOLOGICAL SAMPLES
The applicability o f immunoaffinity SPE to biological fluids such as plasma and urine 
was investigated. In this study, we used the optimised protocol obtained in Chapter 3. 
However, only the E2 fraction was collected and analysed. The precision o f the 
method was focused on clenbuterol in plasma and morphine in urine.
4.1 Clenbuterol
4.1.1 Analysis of clenbuterol by HPLC-UV
The HPLC conditions used for the clenbuterol analysis are as described in Section 
2.5.2.1.
4.1.2 Column capacity
Column capacity was determined before and after extractions o f clenbuterol were 
carried out using the immunocolumns. This procedure was to ensure that columns 
were fully regenerated after exposure to low pH, organic solvents and complex 
biological samples. An experiment was carried out to determine the effect o f 
immunoextraction on column capacity. As shown in Table 4-1, capacities o f 4 
columns were determined before immunoextraction was carried out and two hours 
after regeneration o f the columns.
The observed differences between the capacities o f the 4 columns before extraction 
and 2 hours after regeneration were small. These results suggest that for clenbuterol 
immunosorbents, the capacity could recover within 2 hours after regeneration. The 
results also suggested that columns could be re-used after the immunosorbents were
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regenerated. This was useful to our study since the amount of immunosorbent supplied 
was limited.
Table 4-1: Determination of clenbuterol column capacity by loading excess 
clenbuterol to the immunocolumn.
Capacities of 4 columns (ng clenbuterol)
1 2 3 4
Initial column capacity 155 124 124 124
Column capacity 2 hours after 
regeneration
144 134 128 133
4.1.3 Immunoextraction of clenbuterol from plasma and urine
The immunoextraction o f clenbuterol from plasma and urine was carried out using the 
optimised protocol developed in Section 3.1.5. The plasma and urine were diluted 10- 
fold with PBS because both types o f samples were highly concentrated. The dilution in 
PBS will also provide a uniform sample pH for the analysis. Loading 1 ml plasma will 
result in significant reduction o f column flow rate. Furthermore, the dilution o f  
plasma could prolong the life o f an immunocolumn by reducing exposure o f antibody 
to high contents o f plasma components such as proteolytic enzymes (Faijam et a i ,  
1991a). The dilution has also demonstrated the effectiveness o f using immunocolumn 
to retain low concentration o f drugs.
The immunoextraction was carried out as described in Section 2.8.6.1. 0.1 ml o f 
calibration standards in plasma and urine and their resepective quality control samples 
were diluted with 0.9 ml PBS. 1 ml o f each diluted plasma and urine was loaded into 
immunocolumns, washed with 20 ml PBS and eluted with 2 x 1ml 50% MeOHZPBS, 
pH 2. The E2 fraction for each sample was collected and analysed by HPLC. Figure
4.1 shows the HPLC chromatograms after immunoextraction o f clenbuterol from 
plasma and urine.
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Figure 4.1: The HPLC chromatograms of clenbuterol extracted from plasma and 
urine by clenbuterol immunocolumns.
(a) and (b) chromatogram of plasma and urine (diluted 10-folds with PBS) injected directly into the 
HPLC column, (c) clenbuterol standard (100 ng/ml). (d) and (e) show the chromatogram of 
clenbuterol extracted from plasma and urine using the clenbuterol immunocolumns. The large peak 
near clenbuterol extracted from urine (Figure 4.1 e) was due to insufficient washing during the clean­
up process. 20 ml of PBS was used in the washing step in the subsequent extraction.
HPLC conditions: HPLC column Spherisoib ODS-2 (5pm), UV detector wavelength 230 nm, 
sensitivity 0.002 AUFS, , flow rate 1 ml/min, mobile phase 25% MeCN, 74% 0.05M sodium 
dihydrogen orthophosphate and 1% triethylamine adjusted to pH 2.5 using orthophosphoric acid, 
WISP autosampler injection volume 100 pi.
125
4.1.4 Precision studies for the analysis of plasma and urine 
clenbuterol
4.1.4.1 Calibration samples
Plasma was spiked with clenbuterol standard to give a concentration o f 0, 250, 500, 
750 and 1000 ng/ml.
4.1.4.2 Quality control sample
Samples containing 1000 ng/ml clenbuterol in urine and plasma were prepared and 
used as quality control samples.
4.1.4.3 Extraction
The immunoextraction was carried out as described in Section 4.1.3. The 
immunoextractions o f the calibrations standards and quality control samples were 
repeated six times in order to determine the within-day precision. At the end o f each 
extraction the columns were regenerated using 40-50 ml PBS and allowed to stabilise 
between extractions. For between-day analysis, extractions were performed on six 
consecutive days. A standard curve o f peak height against the concentration o f  
clenbuterol was plotted. The concentration of the quality control samples were 
determined. Figure 4.2 showed standard curve o f the mean ( ±  s.d) for each 
concentration of clenbuterol standards in plasma and urine, obtained from day 1 to day 
6 by immunoextraction.
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Figure 4.2: The standard curve of the mean (± s.d) for each concentration of 
clenbuterol in plasma and urine (0,25,50,75,100 ngf 0.1 ml) obtained daily (day 
1-day 6) by immunoextraction.
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The standard curve o f clenbuterol immunoextracted from plasma shows a relatively 
low correlation coefficient (r = 0.95) with a high standard deviation, especially at the 
highest two concentrations o f clenbuterol (75 and 100 ng). This may be due to the 
column capacity not being sufficient to retain such high concentrations o f clenbuterol 
efficiently. The standard curve o f clenbuterol immunoextracted from urine shows 
efficient extraction over the 6 days period with a correlation coefficient, r=0.99 and 
low deviation from the mean.
The results o f the precision studies o f the analysis o f urine and plasma clenbuterol are 
presented in Table 4-2. For urine clenbuterol, the within day and the between-day 
precision were within the method validation’s acceptable limit (Shah et a l,  1992). The 
%CV for the 1000 ng/ml quality control sample was 11.5% for the 6 within day 
extractions and 6.5% for the between 6 days extraction.
For plasma clenbuterol, %CV for the within day and between-day analysis were high. 
For the lOOng/O.l ml plasma sample, the mean obtained for within day and between- 
day analysis were only 56.8 and 74 ng respectively. The analysis o f clenbuterol in the 
column may be affected by the presence o f plasma protein.
In this study, however, the precision of the analysis was determined using only one 
concentration level o f 1000 ng/ml for urine and plasma. Our next experiment (Section 
4.1.4.4) aimed to determine whether the protein in plasma was responsible for the 
inconsistency o f the clenbuterol analysis. In order to improve the precision o f the 
analysis, the protein will be removed from the plasma sample by precipitation with 
organic solvents such as acetonitrile or methanol. This experiment will analyse plasma 
samples using quality control samples at 3 concentration levels.
128
Table 4-2; Precision studies for the analysis of plasma clenbuterol using the 
immunoextraction protocol (without protein precipitation). The concentration 
of the quality control sample was 1000 ng/ ml. The volume of plasma and urine 
used were 0.1 ml.
Within -day- experiment
clenbuterol 100 ng/ 0.1ml 
in plasma
Extraction (ng/ml]
1 60
2 91
3 48
4 80
5 26
6 36
Mean 56.8
S.D 25.2
C.V 44.3
clenbuterol lOOng/ 0.1ml 
in urine
Extraction [ng/ml]
1 94
2 86
3 94
4 86
5 70
6 76
Mean 84.3
S.D 9.7
C.V 11.5
Between -day- experiment
clenbuterol 100 ng/ 0.1ml 
in plasma
Day [ng/ml]
1 91
2 137
3 60
4 42
5 48
6 66
Mean 74
S.D 35.3
c.v% 47.7
clenbuterol lOOng/ 0.1ml 
in urine
Day [ng/ml]
1 94
2 94
3 94
4 84
5 84
6 98
Mean 91.3
S.D 5.9
c.v% 6.5
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4.1.4.4 Protein precipitation
A new set of columns from the same batch of clenbuterol antisera, were used for the 
immunoextractions. The average capacity for the 2 g immunosorbents per column, 
determined using the procedure in Section 3.1.7.2, was approximately 400 ng 
clenbuterol. 0.1 ml o f clenbuterol spiked plasma was placed into 9 tubes consisting o f 
0, 500, 1000, 1500, 2000, 2500 ng/ml standards and 500, 1000 and 2000 ng/ml control 
samples. 1 ml acetonitrile was pipetted into each tubes and mixed using a vortex mixer. 
All the tubes were centrifuged at 3000 rpm for 15 minutes. The supernatant was 
pipetted into another set o f tubes and evaporated to dryness. The dried extracts, 
redissolved in 1 ml PBS were loaded into immunocolumns using the same protocol as 
in Section 4.1.4.3. The E2 fractions were collected and analysed by HPLC. The 
method precision was determined for the three control samples.
The standard curve o f the mean (±s.d) for each concentration level (0, 50, 100, 150, 
200 and 250 ng/0.1 ml) obtained daily from day 1 to day 6 by immunoextraction after 
protein precipitation is shown in Figure 4.3. The regression equation o f the standard 
curve was y= 0.0014x + 0.0168 with correlation coefficient r=0.99. The s.d o f each 
plasma standard levels measured over six days of each plasma standard levels was 
relatively small.
As shown in Table 4-3, the precipitation of protein prior to immunoextraction o f 
plasma clenbuterol has greatly improved the precision of the analysis. The %CV for 
within-day and between-day analysis for all the quality control samples was less than 
5%. The results confirmed the inconsistency of the within-day and between-day 
precision carried out earlier in Section 4.1.4.3 was due to the presence o f plasma 
protein possibly competing with clenbuterol for the binding sites.
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Figure 4.3: The standard curve of the mean (+s.d) for each concentration of 
clenbuterol standard in plasma (0, 50, 100, 150, 200 and 250 ng / 0.1 ml) 
obtained daily (day 1-day 6) by immunoextraction. Plasma protein was 
precipitated before immunoextraction.
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Table 4-3: Precision studies for the analysis of plasma clenbuterol using the
immunoextraction protocol after protein precipitation.
Within day analysis
Experiment 50ng/0.1ml lOOng/O.lml 200ng/0.1ml
1 50.7 109.1 197.1
2 62 121 212
3 53.5 103.6 198.3
4 49.8 109.1 195.8
5 51.8 97.9 199.6
6 51.8 104.7 200.3
Mean 51.6 105.1 198.3
SD 1.2 4.2 1.7
%cv 2.4 4.0 0.8
Between-day analysis
Day 50ng/0.1ml lOOng/O.lml 200ng/0.1ml
1 49.8 97.9 200.3
2 52.8 100.8 192.5
3 52.1 102.7 198.7
4 53.9 101.3 205.7
5 52.1 104.4 201.9
6 48.0 104.2 203.8
Mean 51.5 101.9 200.5
SD 2.2 2.4 4.6
%CV 4.2 2.4 2.3
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4.1.5 Internal standard
In order to improve the reliability o f the clenbuterol analysis, six (3-blockers were 
evaluated as possible internal standards in the measurement o f the fractions collected in 
the E2 fractions. As the volume o f E2 fractions collected was not measured, an internal 
standard was used to correct for volume changes in the E2 fraction. The internal 
standard was added to the E2 fraction instead o f the normal practice adding it to the 
sample before the extraction. This was because the specificity o f immunosorbents to 
clenbuterol and will not retain the internal standard if added before the extraction.
Stock standards o f 1 mg/ml each o f oxyprenolol, salbutamol, metoprolol, practinolol, 
atenolol and aprolol was prepared in methanol. 10 pi of each stock standard was 
dispensed into tubes and the solvent evaporated. The drugs was redissolved in 1 ml o f 
elution buffer, 50% methanol in PBS, pH 2. Each o f the drugs standard was injected 
into the HPLC and the retention time for each drug was shown in Table 4-4.
Table 4-4: Retention times of various (3-blockers evaluated for the internal 
standard for the analysis of clenbuterol.
Compound Retention time ( min )
Oxyprenolol 6.35
Salbutamol -
Metoprolol 3.37
Practinolol -
Atenolol -
Aprolol -
Oxyprenolol was chosen as an internal standard in the HPLC analysis due to the 
relatively short retention time, good separation from the solvent front and good 
symmetrical peak shape. Another compound, metoprolol was well separated by the 
HPLC system but the retention time o f metoprolol was too close to clenbuterol. All 
other (3-blockers evaluated were not detected by the HPLC under the same conditions.
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Figure 4.4: The HPLC chromatogram showing analysis of plasma clenbuterol 
using the immunoextraction procedure. The internal standard used was 
oxyprenolol.
HPLC conditions: analytical column Spherisoib ODS-2 (5pm), UV detector wavelength 230 nm, 
sensitivity 0.002 AUFS, , flow rate 1 ml/min, mobile phase 25% MeCN, 74% 0.05M sodium 
dihydrogen orthophosphate and 1% triethylamine adjusted to pH 2.5 using orthophosphoric acid, 
WISP autosampler injection volume 100 pi*
4.1.6 Effects of plasma pH on the immunoextraction of clenbuterol
Using the immunoextraction protocol, the effects of plasma sample pH on the retention 
and elution o f clenbuterol was investigated. Plasma was diluted 10-fold with PBS. 
The diluted plasma was dispensed into 6 tubes and the pH adjusted to pH 8.5, 7, 6, 5, 
4 and 2.5. The pH adjusted plasma was spiked with 200 ng/ml clenbuterol.
1 ml of each pH adjusted plasma was loaded into immunocolumns. The columns were 
washed with 20 ml PBS and the clenbuterol was eluted with 50% methanol in PBS,
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pH 2. 10 ul o f oxyprenolol was added to the E2 fraction. The results shown in Table 
4-5 suggested the optimum sample pH for the immunoextraction of clenbuterol in 
plasma was between pH 5 and pH 7. At extreme sample pH, the affinity of 
clenbuterol towards the immunosorbents may have been lowered and the unbound 
clenbuterol was removed from the column during the washing stage.
Table 4-5 : Recovery of 200ng/ml clenbuterol extracted at different plasma pH
pH 8.5 7 6 5 4 2.5
% Recovery in B2 fraction (n=2) 0 92 97 97 74 0
4.1.7 Reusability of columns
Immunocolumns could be reused as long as the binding capacity o f the column 
remained high. Throughout the development and optimisation o f the immunoaffinity 
extraction o f clenbuterol, the capacity o f the column was determined using the 
procedure as in Section 2.8.S.2. To determine the reusability o f immunocolumns 2 
columns were monitored. 1 ml clenbuterol in PBS (1 jag/ml) was loaded into 
immunocolumns and the amount o f clenbuterol recovered was calculated as in Section 
2.11.3.1.
The results o f the column reusability is shown in Table 4-6. The column capacity 
degenerated rapidly by 25% after 13 extraction and the capacity decreased further by 
50% after 48 extractions. The constant exposure to sample matrix, organic modifier 
and the low pH o f the elution buffer may have affected the column capacity to 
degenerate. The result also suggested probable leakage o f the antibody after repeated 
extractions.
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Table 4-6: Reusability of columns showing the decreased capacity of clenbuterol 
immunocolumns over a period of 55 days and 48 extractions.
Cumulative
duration
No. of extraction 
(cumulative)
Column capacity 
of column 1 (ng)
Column capacity 
column 2 (ng)
0 (new) 1 286 316
14 days 13 214 221
55 days 48 123 95
4.2 Morphine
4.2.1 Bioanalysis of morphine by HPLC with electrochemical detection
The analysis o f morphine was carried out using a HPLC with electrochemical detection 
as described in Section 2.5.2.2.
4.2.2 Column capacity
To estimate the regeneration time o f the immunocolumn after each extraction, a series 
o f extraction were carried out, allowing a specified time for the column to be 
regenerated after each extraction.
Immediately after an extraction was carried out, six morphine immunocolumns were 
primed with 20 ml PBS. 1 ml morphine in PBS (500 ng/ml) was loaded into each 
column. The column was washed with 10 ml PBS followed by elution with 2 x 1ml 
40% EtOHZPBS, pH 4. The E2 fraction was collected and 30 ul o f extract was 
injected into the HPLC. The immunoextraction of morphine was repeated according to 
the time allocated as in Table 4-7. The column was regenerated by washing with 20 ml 
PBS after each extraction. For the mixing step, columns were placed on a rotamixer 
to mix until the next extraction.
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The results in Table 4-7 indicated that by mixing the sorbents after extraction and 
allowing a time of 4 hours to regenerate, the column capacity could be restored. This 
difficulty in regeneration o f immunosorbents may be due to the low avidity o f  
morphine antibodies (Chapman et a l ,  1994). Another possibility may be due to 
conformational changes o f the antibody occuring after the extraction process which 
required more time for the immunosorbents to be regenerated.
Table 4-7: Regeneration of morphine immunocolumns (n=6).
Time after last 
extraction (hours)
Capacity of morphine immunocolumn
(ng)
1 2 3 4 5 6
0 45 53 53 53 38 58
3 45 45 18 38 45 0
24 48 27 53 45 50 27
2 (with mixing) 43 16 16 64 27 32
4 (with mixing) 53 48 53 53 48 53
24 hours ( with
mixing) after 11 47 68 40 72 62 40
extractions, 7 days
4.2.3 Immunoextraction of morphine from urine
The immunoextraction of morphine from urine was carried out using the optimised 
protocol developed in Section 3.2.5. The plasma and urine were diluted 10-fold with 
PBS as in the procedure for clenbuterol. The dilution may be useful to maintain the 
sample pH at pH 7. The immunoextraction protocol was carried out as described in 
Section 2.8.6.2.
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0.1 ml o f calibration standards and quality control urine were diluted with 0.9 ml PBS. 
1 ml o f each diluted sample was loaded into immunocolumns, washed with 20 ml PBS 
and eluted with 2 x 1ml elution buffer (40% ethanol/PBS, pH 4). The E2 fraction for 
each standard and quality control samples was collected. Figure 4.5 shows the 
chromatograms for the analysis o f morphine after immunoextraction from urine.
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Figure 4.5: The chromatograms for the analysis of urine morphine using the 
optimised protocol for the immunoextraction of morphine, (a) morphine 
(lOOng/ml) standard in eluent 40% ethanol/PBS, pH 4 (b) immunoextracted 
morphine (45ng /0.1 ml urine) (c) urine blank
HPLC conditions: Hypersil CPS column, 150 mm length (cyanopropyl, 5 pm), Coulochem ESA 
5100A electrochemical detector, conditioning cell set at 0.15V, analytical cell 1 at 0.4 V and 
analytical cell 2 at 0.45V, detector sensitivity 10 x 100, flow rate 1.5 ml/min. The mobile phase 13% 
MeCN, 87% 0.065M sodium dihydrogen phosphate and 1.5 mM sodium dodecyl sulphate, pH 2.4 , 
WISP Autosampler with injection volume 30yul.
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4.2.4 Precision studies for the analysis of morphine in urine
4.2.4.1 Calibration samples
Urine was spiked using a series o f morphine standards to give a concentration o f 0, 
100,200, 300,400 and 500 ng/ml as described in Section 2.4.2.
4.2.4.2 Quality control samples
Quality control samples were prepared as described in Section 2.4.2. Urine was 
dispensed into 3 tubes and spiked with morphine to give 50ng/ml, 250ng/ml and 450 
ng/ml.
4.2.4.S Extraction
The immunoextraction was carried out as described in Section 4.2.3. Extractions were 
repeated six times in order to determine the within day precision. The columns were 
regenerated using 40-50 ml PBS and allowed to stabilise between extractions. For the 
between-day analysis extractions were performed over six consecutive days. A  
calibration curve o f peak height against the morphine concentration in sample was 
plotted. The concentration of the quality control samples were determined.
Figure 4.6 showed calibration curve using the mean (± s.d) for each concentration o f  
morphine standards in urine, obtained from day 1 to day 6 by immunoextraction.
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Figure 4.6: The standard curve of the mean (+s.d) for each concentration of 
morphine standard in urine (0, 10, 2 0 ,3 0 ,4 0  and 50 ng /  0.1 ml) obtained daily 
(day 1-day 6) by immunoextraction.
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As shown in Table 4-8, the within-day analysis gave a high %CV for all the three 
quality control samples. This may be due to the morphine antibody needing more time 
to recover from conformational changes upon exposure to sample matrix, organic 
solvent and low pH. Since the number of columns used was limited to six, the 
extraction procedure had utilised the same column to carry out six analysis within one 
day. For between-day analysis, however, the %CV was less than 10% as shown in all 
the three levels o f the quality control samples.
4.2.5 External and Internal Standard
An external standard, morphine 100 ng/ml in eluent was prepared and used at the start, 
at the end of every batch of analysis and in between three sample injections. From the 
chromatograms, peak heights were used to calculate the mean, s.d and %CV o f the 
HPLC analysis. The %CV of the HPLC method was 5.09 %, calculated from the 
mean and s.d of 21 measurements of 100 ng/ml external standard.
One problem in the investigation was to identify an internal standard with a retention 
time approximately near morphine with electroaactivity similar to morphine. From the 
literature (Ohno et a l ,  1994), ethylnormorphine and related compounds could be used. 
Selection of internal standard by trial and error using the available resources in the 
laboratory found chloroprocaine and 4-aminoethylamine were detected by the HPLC. 
However, the retention times of both drugs was more than 15 minutes compared to the 
retention time o f morphine which was only approximately 8 minutes. Several opiates 
were also evaluated. Stock standards (1 mg/ml) o f , morphine-6-glucuronide, 
morphine-3-glucuronide, . codeine, norcodeine, normorphine and 5’-5’- 
diphenylhydantoin were prepared in methanol. Working standards (1 ug/ml) o f each 
drug was prepared in methanol. The drugs were analysed by HPLC.
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Table 4-8: Precision of the analysis of urine morphine using the 
immunoextraction protocol. 0.1 ml of urine standard and quality control 
samples were diluted with 0.9 ml PBS.
Within day Analysis
Experiment 5ng/ 0.1 ml 25ng/ 0.1 ml 45ng/ 0.1 ml
1 5.8 22.8 58.9
2 5.8 16.4 29.2
3 4.7 20.7 50.4
4 7.9 20.7 41.9
5 5.8 16.4 35.6
6 5.8 18.5 39.8
Mean 6.0 19.3 42.6
SD 1.0 2.6 10.6
%CV 17.5 13.5 24.9
Between-day analysis
DAY 5ng/ 0.1 ml 25ngZ 0.1 ml 45ng/ 0.1 ml
1 5.4 21.6 43.6
2 5.8 24.5 43.0
3 5.1 20.5 43.6
4 5.5 20.1 42.0
5 5.5 24.1 42.2
6 5.8 22.8 41.9
Mean 5.5 22.3 42.7
SD 0.3 1.8 0.8
%CV 4.7 8.3 1.8
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Chromatograms from the analysis o f urine morphine using the immunoextraction 
procedure with and without internal standard are shown in Figure 4.7
As shown in Table 4-9, normorphine was found to be the most suitable for morphine 
analysis.
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Figure 4.7: A representative HPLC chromatogram of morphine (a) urine 
without internal standard (b) plasma with internal standard, normorphine.
HPLC conditions: Hypersil CPS column, 150 mm length (cyanopropyl, 5 pm), Coulochem ESA 
5100A electrochemical detector, conditioning cell set at 0.15V, analytical cell 1 at 0.4 V and 
analytical cell 2 at 0.45V, detector sensitivity 10 x 100, flow rate 1.5 ml/min. The mobile phase 13% 
MeCN, 87% 0.065M sodium dihydrogen phosphate and 1.5 mM sodium dodecyl sulphate, pH 2.4 , 
WISP Autosampler with injection volume 30 ul.
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Table 4.9: Compounds evaluated as internal standard for morphine.
Compound Retention time ( min )
morphine-6-glucuronide. i -
morphine-3-glucuronide. , -
codeine -
norcodeine -
normorphine 7
chloiprocaine 16
4-aminophenylamine 19
S’-S’-diphenylhydantoin >20
4.2.5 Specificity of morphine immunocolumn
30 ml urine was diluted 10-fold with 270 ml PBS. The diluted urine was spiked with 
25 ng/ml morphine. The spiked urine was then dispensed into tubes where opiates 
such as codeine, norcodeine, normorphine, j morphine-3-glucuronide and morphine-6- 
! glucuronide. were added at various molar concentration to morphine. 1 ml o f each 
sample was loaded into immunocolumns, washed with 20 ml PBS and eluted with 40% 
ethanol in PBS, pH 4. The E2 fraction was collected, 10 ul o f internal standard, 
normorphine (lOug/ml) was added, and the fraction analysed by HPLC.. The results o f  
the recovery o f morphine are tabulated in Table 4 -10.
Normorphine indicated minimal affinity towards the morphine antibody. This was 
consistent with the results reported by Chapman et a l  (1994) There was no affinity o f  
other opiates towards the morphine immunosorbent.
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Table 4-10: Recovery of 25ng/ml of morphine in urine competing at various 
molar ratios of normorphine, norcodeine, codeine, morphine-3-glucuronide 
and morphine ^-glucuronide j
% Recovery o f morphine from urine (n=2 for each molar
ratios)
Molar ratio o f normorphine norcodeine codeine m-3-g m-6-g
morphine to opiates ___________________ _________ ___________________
1:0 100 100 100 100 100
1:1 82 100 96 100 100
1:4 94 90 96 100 100
1:8 82 100 111 100 100
1:16 100 100 100 100 100
4.2.6 Effects of urine pH on the immunoextraction of morphine
Following the immunoextraction protocol, the effect o f urine sample pH on the 
retention and elution o f morphine on the immunocolumn was investigated. 
10 ml urine was diluted with 90 ml PBS. 10 ml o f the diluted urine was pipetted into 
6 tubes and the urine in each tube was adjusted to pH 8.5, pH 7, pH 6, pH 5, pH 4 and 
pH 2.5 using 1M hydrochloric acid or 1M sodium hydroxide. The urine was then 
spiked with morphine to make a concentration of 25 ng/ml.
1 ml of the urine sample was loaded into immunocolumns, washed with 20 ml PBS and 
morphine eluted using 40% ethanol in PBS, pH 4. The results in Table 4-11 showed 
the optimum sample pH for the immunoextraction o f morphine in urine was between 
pH 5 and pH 8.5. At lower sample pH (pH 4 or lower) a lower amount o f morphine 
was retained. This may be due to the acidity o f the sample which prevented the 
binding of the morphine to the antibody. However binding o f morphine was not 
affected by sample pH 8.5, as seen in the immunoextraction o f clenbuterol.
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Table 4-11 : Recovery of 25 ng/ml morphine extracted at different urine pH
pH 8.5 7 6 5 4 2.5
% Recovery o f morphine in E2 fraction (n=2) 100 100 100 100 67 50
4.2.7 The effect of dilution of urine on immunoextraction
0.1 ml o f sample containing 40 ng o f morphine was diluted 10-fold, 50-fold and 100- 
fold using PBS. Each diluted sample, 1ml, 5 ml and 10 ml respectively, was loaded 
into immunocolumns, washed with 20 ml PBS followed by elution using 40%ethanol in 
PBS at pH 4. The E2 fractions were collected and analysed.
As shown in Table 4-12, the recovery o f morphine was not affected by dilution with 
PBS. This result suggested, diluting the sample up to 100-fold o f the original 
concentration, the recovery o f morphine remained constant. The results also 
demonstrated the ability o f the immunosorbents to capture morphine irrespective o f the 
volume o f matrix used to dilute the sample.This dilution may be useful if  small 
amounts o f sample were submitted for analysis.
Table 4-12: The effect of sample dilution on the recovery of morphine
0.1 ml of urine 
diluted
Volume of sample 
loaded (ml)
Recovery of morphine recovered 
(%)
Column 1 Column 2
10 times 1 100 98
50 times 5 93 98
100 times 10 88 98
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4.2.8 Column reusability
For the whole duration of the development and optimisation of the immunoaffinity 
extraction o f morphine, the capacity o f the column was regularly determined using the 
procedure as in Section 3.2.7.2. 1 ml o f morphine in PBS (500ng/ml) was loaded 
into immunocolumns, washed with 20 ml PBS. Morphine was eluted using 40%ethanol 
in PBS, pH 4 and the E2 fraction was analysed. The concentration o f morphine 
recovered was calculated as described in Section 2.11.3.1. The column was used over 
123 days. The results o f the reusability o f the column is shown in Table 4-13.
Table 4-13: Rate of degeneration of 2 morphine immunoaffinity columns after 
being used over 4 month.
Cumulative duration
No o f extraction 
(cumulative)
Column capacity 
of column 1 (ng)
Column capacity 
o f column 2 (ng)
0 (new) 1 150 150
57 days 13 126 117
123 days 25 73 57
The capacity o f the two columns degenerated by approximately 15% after 13 
extraction and rapidly decreased further by 53% after 25 extractions. The constant 
exposure to sample matrix, organic modifier, the low pH of the elution buffer and 
antibody leakage may have caused the column capacity to decrease.
4.3 Discussion
The most important part of our study was to demonstrate the efficiency o f sample 
clean-up using complex matrices. When using immunoextraction procedures, 
biological samples were loaded into immunocolumns. Interfering substances such as 
proteins and urinary by-products were removed by washing with PBS. For example, in
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the analysis o f urine clenbuterol, washing with 15 ml PBS proved insufficient as shown 
by the presence o f an unknown compound in the E2 fraction. This peak dissapeared 
after repeating the experiment and washing the column with 20 ml PBS. The volume 
of wash solution used may vary, depending upon the complexity of the sample matrices 
Figure 4.1 (d) and (e). Figure 4.4 - 4.5 and Figure 4.7 shows typical chromatograms 
obtained after immunoextraction. The peaks observed in the chromatograms were 
mainly solvent peak (from elution buffer), the analyte specific to the antibody and 
internal standards added after immunoextraction. The immunoaffinity extraction 
resulted in a clean trace o f chromatogram with minimal interference.
Capacities o f both clenbuterol and morphine immunocolumn were determined before 
the start o f our investigations. The time taken for the column to regenerate and 
stabilise to its initial capacity was investigated. The capacity of the column was 
determined to ensure sufficient time has been allowed for the column to recover. This 
was important since columns have to be re-used at random for within precision studies 
due to limited supply o f immunosorbents. The capacity of morphine immunocolumns 
was low and took longer to regenerate. The results indicated that a time o f at least 4 
hours with continuous sorbent mixing was required for the column to recover to its 
original capacity (Table 4-7). Therefore, for 6 extractions of within-day precision, the 
process took 24 hours to complete. On the other hand, clenbuterol columns took less 
time to regenerate and did not require sorbent mixing as shown by morphine 
immunocolumns.
For plasma and urine clenbuterol analysis, applying the immunoextraction protocol 
developed earlier (Chapter 3), > 98% clenbuterol was recovered from the plasma 
sample in the E2 fraction. This was consistent with the results obtained in the 
optimised protocol using PBS. Diluting the plasma 10-fold with PBS and applying all 
the diluted sample to the column did not show any advantage with regard to 
immunoextraction efficiency. Despite improving the effluent flow rate and pH 
stabilisation o f plasma sample, protein was reconcentrated in the column after 
application of the diluted sample to the column.
148
The initial results obtained from between- and within-day precision study o f plasma 
clenbuterol were not consistent. Both %CV was too high for a 100 ng/0.1ml 
clenbuterol concentration (Table 4-2). The presence of plasma protein may have 
adversely effected the capacity o f the immunocolumns. For urine clenbuterol, the 
between- and within-day precision study (%CV 6.5 and 11.5 respectively) was within 
method validation acceptable limits (Shah et ah, 1992).
In order to confirm that the inconsistency o f the results was due to protein, plasma was 
deproteinised using acetonitrile (Chamberlain, 1985). Removing the protein improved 
the precision o f the method although the protein precipitation has introduced an extra 
step to the extraction method.
For the analysis o f morphine in urine, the within day precision (Table 4-8) indicated 
high %CV at all concentration levels in the quality control samples. This was probably 
due to the poor characteristics and low capacity of the morphine immunocolumns. The 
results indicated that the batch of morphine antibody used for the immunosorbent was 
not suitable. This maybe due to the low avidity of the morphine antibody. Between-day 
precision indicated a reasonably good %CV for all concentrations o f morphine for the 
quality control samples. In this case the column may have a longer time to recover to 
its original capacity. The morphine column may have performed better using columns 
with higher binding capacity and antibodies with higher avidity as seen in the 
clenbuterol immunocolumn.
The effect o f plasma pH was studied by applying plasma samples spiked with 
clenbuterol and adjusted to pH range o f 2.5 to 8.5. The results in Table 4-5 suggested 
the optimum pH for the immunoextraction of plasma clenbuterol was between pH 5 
and 7. According to our immunoextraction protocol, the dilution of the sample with 
PBS (10-fold) will set the sample pH to pH 7.
The optimum pH o f urine sample for immunoextraction o f morphine was also 
investigated. The results shown in Table 4-11 indicated that the optimum pH was
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between pH 5 to 8.5. It therefore important to check urine pH since urine pH are 
usually in the acidic range o f pH 4-5 (Moffat, 1986). A 10-fold dilution o f urine in 
PBS will set the sample pH to pH 7.
To determine the reusability o f immunocolumns, the initial capacities o f 2 
immunocolumns were determined. The capacity o f the immunocolumns were 
monitored after every immunoextraction. The rate o f degeneration o f clenbuterol and 
morphine immunocolumns was shown in Table 4-6 and Table 4-13 respectively. The 
result for morphine columns indicated a rapid loss of activity for the morphine 
antibodies compared to the clenbuterol antibody. The study indicated the loss o f 
activity was due to the frequency o f extraction irrespective o f the age o f the column. 
The loss o f activity was probably due to antibody leakage, exposure to sample 
matrices, low pH and organic solvents. Therefore columns with binding capacities ten 
times or higher than the working range should be recommended for future studies.
An experiment to determine the specificity of morphine immunocolumn was carried 
out using other opiates such as normorphine, codeine, norcodeine, morphine-6- 
glucuronide and,morphine-3-glucuronide. ! The opiates were allowed to compete 
using various molar molar ratios with a fixed concentration o f 25 ng/ml morphine. The 
results indicated the morphine immunocolumn was highly specific to morphine, with 
minimal affinity to normorphine and none for the other opiates tested.
Diluting urine samples containing 40 ng morphine 10, 50 and 100-fold showed the 
recovery of morphine was consistent for all dilutions (Table 4-12). This indicated that 
the same amount o f morphine was retained by the antibody throughout the 
immunoextraction irrespective o f the dilution factor.
In order to adjust for the possible inconsistency in the 1 ml volume o f eluted fraction 
E2 collected, an internal standard was used for both clenbuterol and morphine analysis. 
Oxyprenolol and normorphine displayed good separation (Figure 4.4 and Figure 4.7)
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and were suitable for the analysis. An external standard (100 ng/ml morphine in eluent) 
was also used in between analyses when an internal standard is not available.
The data that was presented in this study showed that the use of immunoaffinity solid 
phase extraction is feasible for use to isolate specific drugs from biological fluids. The 
interference o f the column capacity by plasma protein was overcome by protein 
precipitation. The antibody characteristics are important in the retention o f the column. 
We have investigated two antibodies with different characteristics where both columns 
behaved differently from one another. Immunocolumns therefore needed optimisation 
when using different batches o f antibodies. As long as the capacity o f column is high 
the columns are reusable for at least 20 times without any problem o f cross 
contamination o f analytes because using the appropriate elution buffer, > 98% o f the 
analytes were eluted.
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CHAPTER 5 DEVELOPMENT OF MOLECULARLY IMPRINTED 
POLYMERS
As with immunoaffinity extraction, the use o f molecularly imprinted polymer (MIP) 
sorbents in sample preparation is relatively new. MIPs are known to have molecular 
recognition properties similar to the antibody-antigen mechanism (Sellergren, 1997; 
Takeuchi & Matsui, 1996). This study aimed to evaluate the practicality o f using a 
MIP as a SPE column to reproduce the selective extraction we have achieved using 
biologically derived antibodies (Shahtaheri et a l ,  1995; Esteban et a l ,  1997; Rashid et 
a l ,  1996; Rashid et a l ,  1995). It is hoped that this preliminary work on molecular 
imprinting will lead the way towards producing a highly selective SPE sorbent for 
drug analysis.
5.1 HPLC analysis of tamoxifen
The analysis o f tamoxifen was carried out using HPLC with UV detection at 240 nm 
(Stevenson, 1984). The HPLC -UV was set up as described in Section 2.5.2.3. 
Figure 5.1 shows the HPLC analysis o f tamoxifen. The detection limit was 50 ng/ml.
5.2 Preparation of MIP
MIP and control polymers were prepared using the procedure outlined in Section 
2.9.2. After 16 hours o f polymerisation, the reaction was stopped. White solid 
polymers was formed in both reaction bottles. The reaction bottles had to be broken in 
order to obtain the polymers.
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Figure 5.1: the HPLC tracing of tamoxifen (l ug/ml)
HPLC conditions: Column Spherisorb, ODS-2,5 pm, mobile phase: 50 mM 1-heptane sulphonate, 
sodium salt in MeOH (80%) and 0.1M phosphate buffer (20%), pH 3. Flow rate was 1.5 ml/min. 
WISP autosampler, injection 100 pi. UV Detector Cecil 1200 High Performance Variable 
wavelength, 240 nm, 0.05 AUFS.
The resultant MIP and the control polymer were weighed. The total amount of 
polymer was 3.9 g for the MIP and 5.0 g for the control polymer. The polymers were 
manually ground separately using a mortar and pestle. Using a low resolution 
microscope, the particle size was estimated to be approximately 100 microns.
5.2.1 Removing tamoxifen template from MIP
To remove the template from the cross-linked MIP, a solvent that could disrupt the 
hydrogen bond linking the template and the MAA monomer, should be used (Matsui et 
a l ,  1996; Nicholls et a l ,  1995). Organic solvents like acetomtrile, methanol or ethanol 
in acetic acid were commonly used to remove the template molecules (Anderson et a l .
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1995; Kriz et a l ,  1995, Anderson, 1996, Takeuchi & Matsui, 1996).
After grinding and sieving, the MIP sorbent was washed with acetonitrile. After 
sedimentation o f MIP sorbents, fines remaining in acetonitrile were removed. In this 
experiment, a methanol/acetic acid mixture was used to remove the tamoxifen from the 
MIP sorbent. The sorbents were carefully washed with 2 x 250 ml o f methanol/acetic 
acid (9:1) followed by 9 x 100 ml o f methanol/acetic add (4:1). The washes were 
monitored by HPLC until no trace o f tamoxifen was present in the wash. After the 
template removal step was completed, the MIP was rinsed with 200 ml o f acetomtrile 
to remove any traces o f methanol and acetic add. Acetonitrile was decanted and the 
MIP was left to dry in a fume cupboard. The control polymer (without tamoxifen 
template) was rinsed with acetonitrile and dried after grinding.
5.2.2 MIP columns
0.5 g o f the MIP and control polymers were packed in 3 ml fritted polypropylene 
columns. The dimensions o f the empty columns used were 7 cm length by 1 cm 
diameter. Columns were rinsed with 5 volumes of acetonitrile and were capped at both 
ends before storage in acetonitrile.
5.3 Optimisation protocol
Experiments for the MIP and control polymer were carried out in duplicate. 1 ml o f  
tamoxifen in PBS was loaded in all experiments. All elution fractions in the 
experiments were evaporated to dryness and reconstituted in 200 jA HPLC mobile 
phase.
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5.3.1 Tamoxifen in PBS, PBS wash and methanol/acetic acid elution solvent
As the MIP protocol followed the immunoextraction protocol, PBS was evaluated in 
the initial stages o f our MIP experiments. The PBS was used to dissolve tamoxifen and 
evaluated as the wash solution.
The MIP and control columns were primed with 50 ml PBS. 1 ml o f tamoxifen in PBS 
(1 ug/ml) was applied to the columns. A time of 12 hours was allocated for tamoxifen 
to bind to the polymer. BT solution from each tubes were collected. The columns were 
washed with 4 x 1ml PBS. To elute tamoxifen from both MIP and control columns, 1 
ml of methanol/acetic acid (4:1) elution solvent, used earlier to remove tamoxifen 
template, was applied to the column. The eluted fraction was collected and analysed. 
This was repeated until there was no trace of tamoxifen in the eluted fractions. 
Tamoxifen standard (1 /ig/ml), BT, washes (W1 to W4) and the elution fractions (El 
to E l 1) were analysed by HPLC.
From the results shown in Table 5-1, tamoxifen was not detected in the BT solution. 
This suggested that after loading the MIP and control columns with lyug/ml tamoxifen, 
tamoxifen was retained by both polymers. Washing with 4 x 1 ml PBS did not elute 
tamoxifen from either column. This confirmed that tamoxifen may be strongly bound 
to both the test and control polymer after incubating tamoxifen with the polymer for 
12 hours.
In the elution stage, more than 80 % o f tamoxifen applied was eluted in the E l fraction 
o f the control column. For the MIP column, tamoxifen was not eluted in the E l 
fraction. However, tamoxifen was detected in excess in the E2 to E6 fraction o f the 
MIP column, compared to 1 yug o f tamoxifen loaded into the column. This may be due 
to the tamoxifen template not being totally removed from the MIP during the 
preparation stage. The elution resulted in the leakage o f the tamoxifen template from 
the MIP along with the tamoxifen applied to the MIP column.
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Table 5-1: Recovery of tamoxifen in PBS (1 yug/ml) extracted using MIP column. 
The column was washed with PBS and tamoxifen was eluted with 
methanol/acetic acid (4:1).
Fractions Recovery (%)
Control (n-2) MIP (n=2)
BT 0 0
W1 0 0
W2 0 0
W3 0 0
W4 0 0
E l 81 0
E2 15 117
E3 10 238
E4 0 238
E5 0 136
E6 + E7 0 81
E8+E9 0 15
ElO+Ell 0 0
E12 0 0
Total recoveiy 106 825
This experiment failed to demonstrate a mechanism that mimicked antibody-antigen 
reaction. The results in Table 5-1 also show that the 12 hours binding had caused 
tamoxifen to bind strongly to both MIP and control polymers.
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5.3.2 Tamoxifen in PBS, methanol washing solvent and methanol/acetic acid 
elution solvent
Using the procedure as in Section 5.3.1. 1 ml of tamoxifen in PBS (lyug/ml) was 
applied to the column. The tamoxifen was allowed to bind for 15 minutes. The 
columns were washed using 5 x 1 ml methanol and eluted by 5 x 1 ml methanol/ acetic 
acid (9:1) . Elution was carried out further using 3 x 1ml methanol/ acetic acid (4:1). 
Each ml of eluted fraction were analysed.
Table 5-2: Recovery of tamoxifen in PBS (1 jug/ml) extracted using MIP column. 
The column was washed with methanol and tamoxifen was eluted with 
methanol/acetic acid
Fractions Recovery (% ), (n=2)
Control polymer Imprinted polymer
BT (1 ml) 0 0
Methanol wash (5 ml) 64 0
Methanol-acetic acid (9:1) elution (5 ml) 30 93
Methanol-acetic acid (4:1) elution (3 ml) 0 56
Total recovery 94 149
The results shown in the Table 5-2 indicated that lyig/ml tamoxifen was retained in 
the column. The BT fraction for both MEP and control columns showed no presence 
of tamoxifen. Washing with 5ml methanol removed 64% tamoxifen from the control 
column but tamoxifen still remained in the MIP column.
Using methanol /acetic acid (9:1) as an elution solvent, 93% tamoxifen recovered was 
in the E2, E3, E4 and E5 fractions. However when 3 ml of methanol/acetic (4:1) was 
used as elution solvent a further 56 % of the tamoxifen was recovered. The results 
suggested that methanol/acetic acid (4:1) when used as an elution solvent desorped not 
only the tamoxifen applied to the column but also the tamoxifen template remaining in
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the MIP The results clearly indicated there were two different mechanisms taking 
place in the MIP and the control polymer.
5.3.3 Tamoxifen in acetonitrile, acetonitrile washing solvent and 
acetonitrile/acetic acid elution solvent
1 ml tamoxifen in acetonitrile (2yUg/ml) was applied to the control and MIP columns. 
The BT fraction were collected. The columns were washed with 2 x 5 ml acetonitrile 
(W5 and W10) and fractions W5 and W10 were collected. 5 ml o f diethyl ether was 
used to elute tamoxifen (DE fraction). The tamoxifen was then eluted by 2 x 5 ml 
acetonitrile acetic acid (19:1) followed by elution with acetonitrile/acetic acid (9:1). 
All eluted fractions were evaporated to dryness under nitrogen at 60°C. The dried 
fractions were redissolved in 200yul o f HPLC mobile phase and analysed.
The results o f the MIP extraction are shown in Table 5-3. Approximately 47% o f the 
tamoxifen loaded into the control columns was detected in the BT fraction while 15% 
o f tamoxifen was detected in the BT fraction of the MIP columns. The results 
suggested the concentration o f tamoxifen may have exceeded the column capacity. 
Washing the columns with 2 x 5  ml acetomtrile resulted in 41% and 25% of tamoxifen 
being detected in the washed fraction in control and MIP columns respectively. At this 
stage 88% has been removed from the control column while only 40% from the MIP 
column.
The first elution o f tamoxifen was carried out using 5ml o f diethylether. If the 
extraction is due to the hydrophobic character of tamoxifen (Stemson, 1984), 
tamoxifen was expected to be eluted from the column.
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Table 5-3: Recovery of tamoxifen in acetonitrile (2 yug/ml) extracted using MIP 
column. The column was washed with acetonitrile and tamoxifen was eluted with 
various combination of solvents and acids
Fractions % Recovery
Control (n=2) MIP (n=2)
BT 47 15
W5 32 25
W10 9 0
Total recovery in wash fractions 41 25
Diethyl ether (5 ml) 0 0
Elution with 2 x 5 ml
acetonitrile/acetic acid (19:1)
E5 0 17
E10 0 20
Total recovery 0 37
Elution with 3 x 5 ml
acetonitrile/acetic acid (9:1)
E15 0 25
E20 0 12
E25 0 5
Total recovery 0 42
Total recoveiy in all fractions 88 119
The results, however, showed that tamoxifen was not eluted from MIP column. Using 
2 x 5  ml acetonitrile/acetic acid (19:1) eluted 37% of tamoxifen from the MIP column. 
This step indicated that a greater proportion of acetic acid in acetonitrile may be
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required to desorb tamoxifen molecule from the MEP. Using 3 x 5 ml acetonitrile/acetic 
acid (9:1) a further 42% of tamoxifen was recovered from the MIP column.
The results shown in Table 5-3 for both the control and MIP columns demonstrated 
that tamoxifen was retained in the MIP column and not the control columns. The 
recovery o f tamoxifen from the control column was only 88%. This could be due to 
non-specific interaction of tamoxifen to the control sorbents which cannot be removed 
by the wash solvents or the elution solvent used. At this stage tamoxifen template 
leakage was not observed.
5.3.4 Tamoxifen in acetonitrile, acetonitrile washing solvent and acetonitrile /  
acetic acid (4:1) elution solvent
In order to confirm that the column was overloaded in the previous experiment 
(Section 5.3.3), 1ml o f tamoxifen in acetonitrile (lyug/ml) was loaded into MIP and 
control columns. The columns were washed with acetonitrile and tamoxifen was eluted 
with acetonitrile /  acetic acid (4:1). As shown in Table 5-4 using the MIP extraction, 
tamoxifen was not detected in the BT and wash fractions. This indicated that 
tamoxifen was retained in the MEP. In the control columns, 60% o f tamoxifen was 
detected in the BT solution and the wash (W5,W10,W15) fractions.
Tamoxifen was eluted from the MIP using acetomtrile /acetic acid (4:1) . The elution 
step recovered 106% in a 15 ml elution solvent. After the elution step both MIP and 
control columns were primed with 50 ml acetonitrile.
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Table 5-4: Recovery of tamoxifen in acetonitrile (1 yug/ml) extracted using MIP 
column. The column was washed with acetonitrile and tamoxifen was eluted with 
acetonitrile/acetic acid (4:1)
Fraction Recovery (%)
Control MIP
BT 29 0
W5 34 0
W10 11 0
W15 17 0
E5 11 51
E10 9 29
E15 0 26
Total recovery 111 106
5.4 Proposed conditions for the extraction of tamoxifen by MIP
5.4.1 Sample matrices
In the earlier experiments, 1 ml o f tamoxifen in PBS (l|ig/m l) was allowed to bind to 
the MIP and control polymer for 12 hours (Section 5.3.1) and 15 minutes (Section 
5.3.2) respectively. The results shown in Table 5-5 indicated that tamoxifen was 
strongly bound to MIP and the control polymer as no traces o f tamoxifen were 
detected in the BT fraction from both columns. Using methanol and acetonitrile as the 
sample matrix, selectivity was observed in the MIP column. Tamoxifen was retained in 
the MIP but not in the control polymer.
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Table 5-5: The effects of using PBS, methanol and acetonitrile as sample matrices 
on the binding of tamoxifen to the MIP sorbents
Sample Matrix Recover (%) o f tamoxifen
in BT fraction
MIP Control
1 jig/ml tamoxifen in PBS (binding time =12 hours) 0 0
1 jug/ml tamoxifen in PBS (binding time =15 minutes) 0 0
1 jjg/ml tamoxifen in methanol 0 64
2 jug/ml tamoxifen in acetonitrile (2 pg/ml) 15 47
1 jug/ml tamoxifen in acetonitrile (2 ^ ig/ml) 0 29
5.4.2 Washing
Washing with PBS did not elute tamoxifen from either MIP or control column. Using 
methanol and acetonitrile as the washing solvent selectively retained tamoxifen in the 
MIP and not the control polymer (Table 5.2 and Table 5.4).
5.4.3 Elution
As an alternative to methanol and methanol/acetic acid, the use o f acetonitrile as 
washing solvent and acetonitrile/acetic acid as the elution solvent was evaluated in the 
elution procedure. According to Matsui et a l  (1995), an NMR study indicated the 
formation of hydrogen bonding between the template and MAA. Thus the addition of 
the polymerising solvent (acetonitrile) will increase the capacity factors for tamoxifen 
while the addition of water or acid will decrease the capacity factor, k ' , by interfering 
with the hydrogen bonding that held the analyte to the imprinted polymer (Nicholls et 
a l, 1995). The use of acetonitrile/acetic acid showed excellent elution properties fpr 
the desorption o f tamoxifen from the MIP. Methanol/acetic acid (4:1) was used to
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remove tamoxifen template and suspected to cause template leakage when used as an 
elution solvent (Table 5-1 and Table 5-2).
The proposed protocol for the extraction of tamoxifen using the MIP was as follows:
(1) Load 1 ml o f tamoxifen in acetonitrile into column.
(2) Wash the column with 15 ml acetonitrile
(3) Elute tamoxifen using 15 ml acetonitrile/ acetic acid (4:1).
(4) Collect and evaporate all the eluted fraction.
(5) Redissolve the dried eluted fractions in 200 u^l HPLC mobile phase and 
analyse
This proposed protocol is however not suitable for direct loading o f plasma samples. 
Plasma protein will be precipitated by acetonitrile in the washing step (Section 4.1.4.4) 
and will cause column blockage. An alternative to this step, is to prime columns with 
distilled water. After loading plasma into column, the column should be washed with 
20 ml water before washing with 15 ml acetonitrile. The other steps in the protocol 
remained the same. Another alternative is by precipitating the plasma protein with 
acetonitrile, and loading the resulting supernatant into the MIP column (Section
4.1.4.4).
5.5 Standard curve
To evaluate the reliability o f the MIP column, a series of standards 0, 50, 100, 250, 
400, 500 ng/ml were prepared in acetonitrile. For each concentration, 1 ml was loaded 
into a MEP column. The extractions were carried out using two columns. The columns 
were then washed with 20 ml acetonitrile. Tamoxifen was eluted using 2 x 10 ml 
acetonitrile/acetic acid (4:1). All the elution fractions were collected and evaporated to 
dryness.The dried extracts were redissolved in 200pl mobile phase and injected into 
HPLC.
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As shown in Figure 5.2, the standard curve was linear for the MIP extracted standard. 
The results indicated that tamoxifen was selectively extracted by the MIP columns at 
concentration levels from 0 to 500 ng/ml. The correlation coefficient, r=0.978 and a 
regression coefficient o f y = 0.0419x + 2.7582.
y = 0.0419x + 2.7582 a 
R2 = 0.9568 /
10 -
5 --
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Concentration of tamoxifen (ng/ml)
Figure 5.2: The standard curve for the MIP extraction of tamoxifen standard.
164
5.6 Specificity of tamoxifen MIP
In order to determine the specificity o f the MIP column, extractions were carried out 
using other compounds such as clenbuterol, chlortoluron, oxyprenolol and morphine. 
The structures of these compounds are shown in Figure 5.3.
l^ig/ml each o f tamoxifen (used as control), clenbuterol, oxyprenolol, morphine and 
chlortoluron was prepared in acetonitrile. 1 ml of each drug solution was loaded into 
the MIP and control columns. The BT solution for each extraction was collected. The 
columns were washed with 3 x 5  ml acetonitrile, and the drugs were eluted using 3 x 5  
ml acetonitrile/acetic acid (4:1). The wash and elution fractions were collected. All the 
collected fractions were evaporated to dryness under nitrogen at 60° C. The analysis 
of each of the drugs are described in Section 2.5.2. The results o f the extractions are 
presented in Figure 5.4. Tamoxifen, was not detected in the BT solution and the wash 
fractions. 100% of tamoxifen was recovered in the elution fraction.
5.6.1 Clenbuterol and oxyprenolol
After washing with acetonitrile, 20% o f clenbuterol was removed from the MIP 
columns. The results indicated that the MŒP has considerably higher affinity towards 
clenbuterol. The control polymer retained 50% of clenbuterol.
Oxyprenolol displayed similar affinity pattern to clenbuterol towards both the MIP and 
control polymer. There may be other unknown mechanisms that were affecting the 
binding of clenbuterol and oxyprenolol to both the MIP and control columns.
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Fig 5.3: Structures of drugs used to test the specificity of tamoxifen MIP
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Figure 5.4: Specificity of tamoxifen MIP column. Structurally unrelated
compounds were loaded into tamoxifen MIP and control columns. The BT, W 
and E fractions were collected and analysed by HPLC.
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5.6.2 Chlortoluron
Chlortoluron showed minimal binding to the MIP as shown by the high recovery of 
chlortoluron in the wash fractions. The low recovery of chlortoluron in the eluted 
fractions may be due to the non-specific interactions between the chlortoluron and the 
MIP. The control polymer did not retain chlortoluron as more than 90% of the 
compound was removed from the column in the BT and wash fraction.
5.6.3 Morphine
Morphine was bound strongly to the MIP column. Only 8% of morphine was 
removed in the washing step and 48% in the elution step. After the elution step, more 
than 40% of morphine still remained in the column. From the control column only 35% 
of morphine was removed in the washing step and the remaining 65% of morphine 
was eluted in 15 ml elution solvent.
5.7 Extraction of tamoxifen from plasma and urine
The aim of this study was to determine the effectiveness of the MEP columns to extract 
tamoxifen from plasma and urine. The experiment also compared the MEP procedure 
with a published procedure using SPE column (MacCallum et ah, 1996) and liquid- 
liquid extraction (Stevenson, 1984).
5.7.1 Extraction procedure
5.7.1.1 MIP columns
0.5 ml of plasma (500 ng/ml) was loaded into a MEP column. The column was 
washed with 20 ml water followed by 20 ml acetonitrile. The column was eluted with 
20 ml acetonitrile/acetic acid (4:1). The eluted fraction was collected and evaporated
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to dryness. The dried extract was redissolved in 200yul of mobile phase. lOO i^l o f the 
extract was injected into the HPLC.
5.7.1.2 SPE
The SPE column (Varian SPE, 3ml CIS bonded phase) was activated using 2 ml 
MeOH followed by washing with 2 ml water. 0.5 ml plasma was loaded into the 
column and washed with 1 ml o f water followed by 1 ml of MeOH/water (50:50). The 
column was washed with 1 ml acetonitrile. Tamoxifen was eluted using 2ml 
MeOH/NaCl (95:5). The eluted fraction was collected and evaporated to diyness. The 
dried extract was redissolved in 200 jul of mobile phase. 100 yul o f the extract was 
injected into the HPLC.
5.7.1.3 Liquid-liquid extraction
0.5 ml of plasma was made alkaline by adding a few drops of 1M sodium hydroxide, 
after which 10 ml of diethyl ether was added to the plasma. The mixture was shaken 
for 1 hour followed by centrifugation at 3000 rpm for 10 minutes. 8 ml o f the upper 
layer of diethyl ether was taken and evaporated to dryness under nitrogen at 
approximately 60° C. The dried extract was redissolved in 200yul of mobile phase. 100 
yul of the extract was injected into the HPLC.
The same steps were repeated for urine (1 yug/ml). Each of the analyses were carried 
out with plasma and urine blanks. The recovery of tamoxifen was calculated as a 
percentage of the ratio o f the peak height of tamoxifen extracted to the peak height of 
the unextracted sample o f tamoxifen (see Section 2.11.3.1).
As shown in Table 5-6, the MIP column recovered 53% of tamoxifen from plasma. 
The SPE C2-cartridge and liquid-liquid extraction recovered 9% and 30% of 
tamoxifen respectively. The MIP column showed high non-specific binding to the 
plasma contents such that only 50% of the tamoxifen was eluted from the column. The
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use o f acetonitrile as wash solution was treated with caution (see Section 5.4) because 
acetonitrile is known to precipitate protein from plasma (Chamberlain, 1985).
For 1 jug/ml tamoxifen in urine, there was no significant different between the 
recoveries in all the three extraction methods. However to rule out low binding 
capacity of the MIP column, the concentration of tamoxifen in urine was diluted to 0.5 
u^g/ml and the extraction was repeated. There was an increase in recovery o f tamoxifen 
when 0.5 jug/ml tamoxifen was used (Figure 5.6 (g) and (h)). This indicated that the 
capacity o f the MIP column may be reduced after subsequent extraction especially 
when applying various compounds and plasma to the column.
Table 5-6: Recovery of tamoxifen from plasma and urine extracted using MIP 
sorbents compared to SPE and liquid-liquid extraction.
Sample matrix
%  Recovery of tamoxifen (n=2)
MEP
sorbents
SPE-C2 bonded 
phase cartridge
Liquid-liquid
extraction
Plasma (0.5jug/ml) 53 9 30
Urine (1 jig/ml) 39 39 45
Urine (0.5 jug/ml) 83 - -
note: Tamoxifen was not detected in blank urine in all methods.
Figure 5.5 and Figure 5.6 show HPLC tracings of tamoxifen by SPE-C2 bonded phase 
column, liquid-liquid extraction and MIP columns from plasma and urine respectively.
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Figure 5.5: HPLC chromatograms of tamoxifen extracted from human plasma by SPE-C2 
bonded phase column, liquid-liquid extraction and MIP column.
(a) 0.5 yug/ml tamoxifen standard (b) SPE extracted tamoxifen from plasma (0.5 jag/ml) (c) SPE 
extracted plasma blank (d) liquid-liquid extraction of tamoxifen from plasma (0.5 yug/ml) (e) liquid- 
liquid extraction of plasma blank (f) 0.5yug/ml tamoxifen standard (g) MIP extracted tamoxifen (0.5 
ug/ml) (h) MIP extracted plasma blank. HPLC conditions are presented in Figure 5.6.
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Figure 5.6: HPLC chromatograms of tamoxifen extracted from human urine by SPE-C2 bonded 
phase column, liquid-liquid extraction and MIP column.
(a) 1 fig/ml tamoxifen standard (b) SPE extracted tamoxifen from urine (1 yug/ml) (c) SPE extracted 
urine blank (d) liquid-liquid extraction of tamoxifen from urine (1 yug/ml) (e) liquid-liquid extraction 
of urine blank (f) 0.5 yug/ml tamoxifen standard (g) MIP extracted tamoxifen from urine(l /ig/ml) 
(h) MIP extracted tamoxifen from urine(0.5yug/ml) (i) MIP extracted urine blank.
HPLC conditions: Column Spherisorb, ODS-2, 5 pm, mobile phase: 50 mM 1-heptane sulphonate, 
sodium salt in MeOH (80%) and 0.1M phosphate buffer (20%), pH 3. Flow rate was 1.5 ml/min. 
WISP autosampler, injection 100 pi. UV Detector Cecil 1200 High Performance Variable 
wavelength, 240 nm, 0.05 AUFS.
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5.8 Discussion
This work aimed to evaluate the feasibility o f using antibody mimics as SPE columns in 
order to reproduce the selective extraction we have achieved using biologically derived 
antibodies (Shahtaheri et a l ,  1995; Martin-Esteban et a l,  1997; Rashid et a l ,  1995; 
Rashid et a l,  1996). Experiments consisted o f loading tamoxifen into the phase 
(typically 1 ml o f ljug/ml solution) washing the column such that the analyte was 
retained and then eluting the tamoxifen in small volume. All experiments were 
performed in duplicate, i.e on 2 different columns in addition to non-imprinted 
columns used as the control column.
Our early experiment with the MIP using methanol-acetic acid as elution solvent gave 
recoveries o f approximately 800% for the MIP but only 100% for the control polymer. 
This suggested that not all the tamoxifen template has been washed out o f the phase 
during preparation, despite the extensive washing undertaken. During the polymer 
preparation, washing fractions were monitored for the presence o f tamoxifen and the 
phase was used only after no traces o f tamoxifen were found. This later suggestion o f 
tamoxifen elution from the MIP suggested that not all of the template molecule has 
been removed during the washing and that it could still be desorbed at a later time. 
Approximately 50 mg o f template molecule had been used in these experiments. It 
should be noted that if an assay, capable o f detecting down to 50 ng/ml, were required, 
even 0.000 01 % o f the template molecule leaking during an analysis would contribute 
significant interference. It has been recently suggested that this problem can be 
overcome by using a structural analogue to the analyte as the template molecule 
(Andersson et a l ,  1997).
Experiments using methanol as washing solvent and two different ratios o f methanol 
acetic acid as the elution solvent (Table 5-2) showed that tamoxifen was retained by 
the MIP and eluted by the elution solvent. On the MIP, tamoxifen was not detected in 
the BT and wash step. In contrast, under the same conditions, the control polymer 
showed much less affinity for the tamoxifen, with two-thirds of the tamoxifen removed
173
in the wash step. The high recoveries from the MIP indicated that not all o f the 
template had been removed from the polymer at this stage. Nonetheless, the polymer 
was judged to be worthy o f further investigation.
Tamoxifen is a lipophilic, weakly basic, compound and an investigation o f acetonitrile 
as a washing solvent and diethyl ether as (a less polar) elution solvent was carried out. 
The results showed that diethyl ether did not elute any detectable level o f tamoxifen 
from the MIP or the control polymer. Further experiments using acetonitrile as 
washing solvent and acetonitrile-acetic acid as the elution solvent, with increased 
concentration of acetic acid were carried out. These results (Table 5-3) showed almost 
quantitative recovery o f tamoxifen in the elution solvent on the MIP, whereas on the 
control polymer most o f the tamoxifen was eluted in the BT and wash fractions. 
Likewise, tamoxifen was retained by the MIP through the washing and BT steps and 
was quantitatively eluted using acetonitrile-acetic acid (4:1) as the elution solvent 
(Table 5-4). In contrast, on the control polymer most o f the tamoxifen was eluted in 
the wash and BT step.
The standard curve for tamoxifen standards in PBS (0-500 ng/ml) was linear with a 
correlation coefficient, r = 0.97 (Figure 5.2). The results indicated that the binding o f 
tamoxifen was proportional to the amount of tamoxifen loaded into the column. 
However, the studies on the specificity of the tamoxifen MIP demonstrated cross- 
reactivities with other structurally unrelated compounds such as clenbuterol, 
oxyprenolol, morphine and chlortoluron. Further studies should be carried out to 
optimise the preparation o f the MIP, so that selectivity could be improved and cross­
reactivity of structurally related and unrelated compounds to the MIP sorbents 
minimised.
As one of the main uses o f such phases might be the clean-up and enrichment o f 
biological samples for trace drug analysis, the MIP phase was tested using plasma and 
urine spiked with tamoxifen. The final protocol used for biological samples involved 
washing with 20 ml o f water as well as 20 ml of acetonitrile before elution with 20 ml
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of acetonitrile-acetic acid (4:1). The water wash was necessaiy to remove the early 
eluting peak (Figure 5.9 (g)).
These results demonstrated that the development of selective extraction procedures are 
a possibility on MIPs. The MIP was much easier to obtain, utilising chemical synthesis, 
than antibodies from traditional biological orgin. The MIPs were prepared in our 
analytical laboratory without special apparatus. A simple protocol for retention and 
desorption of tamoxifen was achieved. In this example the basic drug, tamoxifen is 
presumably retained via association with acidic sites imprinted on the polymer. Careful 
selection o f solvents is necessary for the optimisation of retention and elution, as has 
been recently noted (Martin et a l ,  1997). It was possible to use organic solvents, such 
as methanol or acetonitrile/acetic acid, which would lead to rapid loss of activity with 
biological antibodies. However washing out the original analyte template needed great 
care, as it appeared that analyte was still leached from the MŒP even after an analysis 
of the original washing had suggested that no tamoxifen remained. Larger desorption 
volumes were needed on the MIP compared to the protocols we have developed on 
the immunoaffinity columns using biological antibodies. As these are volatile organics 
in nature they are easily evaporated to dryness, as in common with this type of 
analysis.
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CHAPTER 6 GENERAL DISCUSSION
Sample preparation is recognised as one o f the most important procedures in the 
analysis o f drugs. The most widely used sample preparation methods include liquid- 
liquid extraction and SPE. Although both sample preparation techniques are reliable 
they are often non-selective. Great demand for analytical selectivity has been seen in 
recent years in response to new regulations and guidelines introduced by relevant 
authorities to face the increasing challenges in drug synthesis (Lee et a l ,  1997).
The work described in this thesis has focused on one area of concern, namely selective 
sample preparation. It is an area in which enormous interest has been shown in recent 
years and has resulted in the convergence o f affinity separation with biotechnology. 
Immunochemical approaches to affinity separation have progressed considerably 
during the last ten years. This is mainly attributed to the availability o f antisera, 
improved antibody characteristics and the robustness in antibody-solid phase coupling 
techniques (Hock et a l ,  1995). In this study, the primary emphasis o f research was 
immunoaffinity SPE. However, with the current interest in artificial antibodies, the 
scope o f our study was extended to include preliminary work on the suitability o f 
using MIPs as a possible alternative to immunoaffinity SPE. The strategy used to 
investigate the study of selective SPE was as follows :
(i) load the drug into column
(ii) wash the column with PBS or distilled water
(iii) elute the drug in a minimum volume possible.
An overview o f the experimental design for immunoaffinity SPE and MIP is presented 
in Figure 2.2 and Figure 2.4 respectively.
. 6.1 Antibody-based SPE
The immunoaffinity SPE developed in this study has proven to be a highly selective
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method for the sample preparation o f drugs when compared to conventional SPE 
technology. However, the technique is dependent on several important criteria such as 
immobilisation o f the antibody, antibody characteristics, desorption and detection of 
the analyte extracted.
The quality o f any SPE procedure relies very much on the robustness of the extraction 
method. In the case o f immunoaffinity extraction, the robustness o f the method 
depends mainly on the antibody characteristics and the coupling method used to 
immobilise the antibody to the activated silica. The immobilisation o f an antibody to a 
solid support has been successfully applied in diagnostic immunoassays, sensors, 
electrodes or semiconductor chips for the detection of antigens (Lu et a l ,  • 1996). 
Immunoaffinity sorbents are prepared by immobilising antibodies to solid supports 
such as agarose, silica and controlled pore glass (Philips, 1989; Godfrey, 1997). 
Immunocolumn deterioration due to a loss of antibody activity or antibody leaching 
out o f the column still remains a great challenge in the development o f a routine 
immunoaffinity SPE system. In our study, antibodies were immobilised to
glutaraldehyde activated silica. The activation o f the silica support using 
glutaraldehyde has been proven to give better stability, however the solid support is 
known to dissolve above pH 9 (Godfrey, 1997). Immunoaffinity columns were 
evaluated using clenbuterol and morphine as model compounds. Clenbuterol 
immunoaffinity SPE has been investigated by several groups (Pou et a/., 1994; 
Malucelli et a l,  1995; Adam et a l ,  1994; van Ginkel et a l ,  1992) while morphine 
immunoaffinity SPE has not been reported.
An integral part o f the immunoaffinity SPE study was the identification of suitable 
equipment to monitor drugs in the effluent from the BT, washes and elution fractions. 
GC was not suitable for our needs since the technique has additional steps such as 
derivatisation and evaporation o f the aqueous extract. Direct injection o f aqueous 
effluent into the GC is also not recommended. Although the ELISA technique can be 
used as a screening technique, it did not satisfy our requirement in the development o f 
a SPE method for chromatographic analysis. With the development o f high
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performance immunoaffinity chromatography and LC-MS in mind, HPLC appeared 
to be the most suitable method for monitoring the recovery of the extracted analyte. 
Furthermore, HPLC can easily be adapted to on-line automated sample preparation 
systems that have been developed in recent years.
Our study had shown that we can produce immunoaffinity SPE columns with high 
extraction efficiency. Our preliminary investigation showed excellent findings when an 
organic solvent in PBS at low pH was used as the elution buffer to extract clenbuterol 
and morphine. The elution step however used harsh conditions at a moderately low pH 
and a high percentage o f organic modifier (e.g. 50% ethanol or methanol in PBS, pH 
2). The best elution condition for each o f the model compounds was obtained by 
optimising the elution buffer to recover compounds in a single 1 ml (E2) fraction. 
Carry over o f analytes to the next extraction was not anticipated since the extraction 
efficiency in the E2 fraction was >98%. However, even when the observed extraction 
efficiency in the E2 fraction was < 98%, drugs were not detected in the E l, E3 and E4 
fractions. It was thought that recoveries o f <98% may result from a reduced column 
capacity due to the loss o f antibody activity.
Clenbuterol required harsher elution conditions when compared to those required for 
morphine. The difference in the elution buffer composition was due to the different 
characteristics o f the clenbuterol and morphine antibodies (Sayer et al., 1996; 
Chapman et a l,  1994). This suggested that the clenbuterol antibody had a higher 
avidity compared to the morphine antibody. In the optimisation procedure, harsh 
conditions were avoided because it was thought that they may have an undesirable 
effect on the antibody. The effect o f harsh conditions was reduced by minimising the 
exposure time o f the immunosorbents to the elution buffer and by regenerating the 
sorbents immediately after the elution procedure.
The final protocol for clenbuterol and morphine immunoextraction (Section 3.1.5 and 
Section 3.2.5 respectively) suggests similar drug-antibody retention and desorption 
mechanisms occur with both immunocolumns. The drug-antibody interactions for the
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two drugs were mainly due to the hydrophobic and ionic interactions as indicated by 
the use of a low pH elution buffer and organic modifier to desorb the drugs (Faijam et 
al, 1991b). A similar elution protocol was used in the immunoextraction o f isoproturon 
and other phenylurea herbicides (Shahtaheri et al., 1995, Esteban et al., 1997). The 
protocol can only be used when elution buffer conditions do not adversely affect the 
drug or analyte to be extracted. If the conditions are unsuitable, a more gentle 
approach using chaotropic agents or reversible protein dénaturation agents should be 
employed (Katz & Siewierski, 1992, Mohr & Pommerening, 1986).
The main aim o f this study was to use immunoaffinity SPE to selectively extract drugs 
from biological fluids. It was expected that the immunoaffinity extraction would result 
in a cleaner extract in the chromatogram (Figure 4.1, Figure 4.4 - 4.5 and Figure 4.7). 
Urine and plasma were chosen to represent biological samples, although as the 
technique is highly selective, the protocol can be applied to other biological samples 
such as whole blood, tissue homogenates and serum. The unbound substances must 
however be successfully removed in the washing step and extra steps such as protein 
precipitation in the immunoextraction o f plasma clenbuterol may be required. Data 
from the within-day and between-day precision analysis for clenbuterol and morphine 
illustrated the feasibility o f using the extraction protocol for plasma and urine samples. 
The efficiency of the immunoextraction protocol was also shown by the standard curve 
of the mean (±s.d) o f the concentration o f drug standards extracted daily over 6 days 
(Figure 4.2 - 4.3 and Figure 4.6). The immunoextraction of plasma requires protein in 
the sample to be precipitated so that non-specific interaction of plasma protein and the 
antibody is minimised (Chase, 1983). This proved successful in our study as shown by 
the improvement in the precision o f the analysis (Table 4-3). The within-day analysis 
for plasma and urine samples suggested that the column could not be reused within the 
same day. The analysis of urine presented promising results for the immunoextraction 
protocol. When morphine was used as the model compound, the results indicated that 
it was possible for the antibody to retain as little as 5 ng of morphine. This however 
depends on the availability o f a sensitive detection system. The between-day precision 
of the urine morphine analysis (Table 4.8) showed %CV for all concentrations were
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within acceptable limits (Shah et a l,  1992) even when low capacity morphine 
immunocolumns were used.
Our studies had so far demonstrated that antibodies can retain selectivity when 
immobilised to a solid support. The immunoextraction has resulted in high recovery o f 
analytes. The highly selective SPE columns produced can be re-used as many as 20 
times and the extraction used less organic solvents. The technique offers the possibility 
o f highly selective sample isolation and preconcentration and has the potential to 
combine the selectivity obtained from antibodies with the confirmation that can be 
achieved with chromatographic detectors. However as with other biological systems 
such as protein and enzymes, the use of antibodies has several drawbacks. The main 
problem is that antibodies are expensive since they can take months or even a year to 
produce. The use o f antibody fragments can also be seriously considered as an 
alternative to antibodies since they are less expensive to produce (Berry et a l ,  1991; 
Omatowska et al., 1991). Another drawback o f the immunoaffinity SPE technique is 
antibody leakage from the sorbents due mainly to exposure to harsh conditions such as 
low pH and organic solvents during the elution step. No definite answer has been 
found as to the immobilisation technique best suited to immunoaffinity sorbents despite 
years o f deliberation about this problem.
6.2 MIP-based SPE
Uncertainties over the behaviour o f antibodies has deterred their application in routine 
sample preparation. This doubt has prompted chemists to seek other alternatives to 
biospecific sorbents. In the last 10 years, MIPs have been optimised to a stage where 
they possess antibody-like characteristics. In our study, the task o f preparing a 
tamoxifen MIP was undertaken and attempts made to mimic the immunoaffinity 
system. The MIP was prepared using the optimised molar compositions o f template, 
monomer, crosslinkers, initiator and polymerisation conditions successfully used by 
other research groups (Table 1-5). The preparation o f the MIP was simple and took 
approximately 30 hours using a basic experimental set up. A strategy similar to the
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immunoaffinity system was followed in order to evaluate the MIP sorbent.
Washing the MIP column with aqueous buffer enhanced the binding o f tamoxifen to 
the MIP and control polymer. However, washing with 10 ml methanol or acetonitrile 
selectively retained tamoxifen in the MIP but not in the control. Elution conditions 
were optimised using 5 ml fractions instead o f the 1 ml fractions used in the 
immunoaffinity extraction. The reason being that eluting with acetonitrile/acetic acid 
was not as rapid as in the immunoaffinty system. Nevertheless, the investigation 
successfully illustrated the selectivity o f the MIP towards tamoxifen rather than the 
control polymer. A calibration curve successfully set up using the MIP extraction 
protocol (Figure 5.2) provided a good indication o f the selectivity o f the MIP sorbent. 
The comparisons o f the tamoxifen sample preparation between MIP, SPE and liquid- 
liquid extraction clearly indicated that the extraction efficiency o f MIP was better than 
the other two procedures. The chromatographic tracings for the MIP extracts were 
cleaner than that o f SPE and liquid-liquid extraction (Figure 5.5 and Figure 5.6).
The results from the MIP extraction o f tamoxifen from plasma and urine indicated that 
the MIP extraction protocol is able to selectively isolate tamoxifen from both matrices. 
Plasma samples however presented similar problems to those found in the 
immunoextraction protocol. In the MIP extraction, plasma protein is precipitated if an 
organic solvent such as methanol or acetonitrile is used as a washing solvent. To avoid 
precipitation, the column was washed firstly with water and then with organic solvent, 
after the plasma sample was loaded. Alternatively, protein can be precipitated using 
acetonitrile after which the supernatant (tamoxifen in acetonitrile) can be loaded into 
the MIP column.
There are still many areas of weakness in MIP application that need to be rectified. For 
instance, the preparation of the MIP requires optimisation o f the functional monomer, 
crosslinker, initiator and the porogen to produce a stiff polymer structure with high 
flexibility for analyte binding and good accessability to the cavities on the MIP (Wulff, 
1995). In our study, a high degree of non-specific interaction between both the MIP
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and control polymer towards structurally unrelated compounds was observed (Figure
5.4). This may be due to insufficient structural cavities created on the MIP specific 
only to tamoxifen. The MIP preparation should be optimised in the future to create 
greater selectivity by using a more selective functional monomer (Liao et a l,  1996) or 
a mixture o f functional monomers (Mayes & Mosbach, 1997). The preparation should 
also be able to minimise non-specific binding. Our study also showed that column 
capacity was reduced after the optimisation was carried out. This may be due to the 
cavities in the MIP being taken up by non-specific interactions o f compounds other 
than tamoxifen. Other possibilities were the irreversible change in the shape of the 
cavities and the imprinted functional group in the MIP due to the organic solvents or 
the acid used during the elution process.
6.3 Future directions
Selective SPE has gained rapid acceptance over the past 5 years. The use o f 
immunoaffinity SPE cartridges and High Performance Immuno affinity
Chromatography (HPIAC) for the routine analysis o f drugs has been recently reported 
(Webb et a l, 1996; Courtheyn et a l ,  1996, Hasnoot et a l,  1990). However, despite 
the highly selective capability o f immunosorbents, conventional SPE is still preferred in 
sample preparation today. The reasons for this could include the high cost of 
immunoaffinity columns, lack o f robustness of the extraction procedure and the poor 
understanding o f immunoaffinity separation. Most laboratory practitioners prefer to 
use a simple, fast and reliable extraction method and avoid using fragile antibody 
based methods. Further to this, MIP SPE technology is relatively new. Great potential 
has been seen however in the MIP SPE (Rashid et a l ,  1997; Martin et a l ,  1997, 
Muldoon & Stanker, 1997a; Muldoon & Stanker, 1997b; Andersson et a/., 1997) 
although further optimisation o f MIP preparation is still required.
Many areas continue to exist where selective SPE needs further investigation. For 
immunoaffinity SPE, studies should be directed towards using the system with other
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instruments such as GC, GC-MS, CE and NMR. The main problem here is the 
aqueous media o f immunoextraction. To overcome this the use o f high percentage 
organic solvents such as 95% acetone in water (Bagnati et a l,  1991), 100% ethanol 
(Webb et a l,  1996) or methanol (Komatsu et a l, 1991) in the elution solvent have 
been reported. The elution solvent can then be easily evaporated and dissolved in a 
suitable solvent for injection into GC or GC-MS. A high percentage o f organic 
solvent in the elution solvent may be undesirable as it could result in the loss o f 
antibody activity. An extensive investigation needs to be carried out to study the effect 
o f exposure o f immobilised antibodies to organic solvents. This is important for the 
reusability o f immunoaffinity SPE columns as antibodies are expensive to produce.
The use of mixed phase immunosorbents for SPE is another area of interest. A mixture 
o f immunosorbents placed in a column has the potential to achieve excellent results. 
Immunosorbents specific to a group o f related or unrelated compounds could be 
extracted from a complex matrix using a mixed phase immunosorbent. The 
immunoaffinity system may require the same optimised elution condition. The use o f 
immunoaffinity SPE could be extended to the separation of racemic drugs. Antibodies 
raised towards a drug enantiomer could be used to selectively extract the desired 
enantiomer drug from its racemic mixtures. Immunoaffinity SPE could also be applied 
to extract compounds which cannot be isolated by other extraction methods.
For the MIP SPE, preparation o f the MIP is critical. Currently, the drug and MIP 
interaction are based on hydrogen bonding, ionic interactions and the cavities created 
on the MIP. However our results showed that the MIP was selective not only to 
tamoxifen but also to other structurally unrelated drugs. This is undesirable and the 
MIP preparation should be optimised further to improve the selectivity o f the MIP 
towards tamoxifen. Also observed was that template leakage led to erroneous results 
during the monitoring o f ME? extraction recovery. This may have been caused by the 
use of methanol/acetic acid (4:1) as an elution solvent. Template leakage, however, 
was not observed when acetonitrile/ acetic acid was used as the elution solvent. A 
more elaborate experiment should be carried out to confirm the findings.
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Imprinting a structural analogue o f the compound of interest could also be used to 
avoid erroneous results in monitoring the recovery due to template leakage (Andersson 
e ta l ,  1997).
The ultimate step in the immunoaffinity study is to adapt the system to off-line and on­
line automation. For off-line extraction, immunoaffinity and MIP SPE columns can be 
fully automated using the automated extraction system such as the Gilson-ASPEC 
system. The system has been widely used for SPE and similar protocols could be 
applied to selective SPE system. As for on-line automation, single phase or mixed- 
phase sorbents can be packed in a stainless steel column and placed in-line with an 
analytical column and detector. The sample injection, washing and elution steps of the 
immunoextraction are controlled by a column switching panel. During the elution step, 
the eluted drugs are transferred to the analytical column for analysis by HPLC. The 
requirements for automation o f MIP SPE are less demanding than that for the 
immunoaffinity system.
6.4 Conclusion
The scope o f our present study has covered many important aspects o f selective SPE 
for the sample preparation o f drugs. The study has achieved its primary objective by 
demonstrating the feasability o f using immunoaffinity SPE to selectively isolate drugs 
from complex matrices, such as plasma and urine. In addition to this, the optimised 
protocol for the immunoaffinity SPE showed that it is possible to recover analytes in a 
minimum volume o f 1 ml. The extraction provide a cleaner extract for the 
chromatographic analysis. While immunoaffinity SPE is currently gaining acceptance 
as a sample preparation procedure, MIP SPE has shown enormous potential in 
mimicking the antibody technique. Vast improvements are still required however 
before both sample preparation methods could be used in a routine laboratory.
184
BIBLIOGRAPHY
Adam, A., Gervais, N., Panoyan, A , Ong, H., Beliveau, L., Ayotte, C. & Delahaut, P. 
(1994). Detection of clenbuterol in hair. Analyst, 119,2663-2666.
Aheme, G.W. (1986). Radioimmunoassays in analytical methods in human toxicology 
(Part 2). In AS.Curry (Ed.). Analytical methods in human toxicology (pp. 115- 
129). MacMillan.
Andersson, L.I. (1996). Application o f molecular imprinting to the development o f 
aqueous buffer and organic solvent based radioligand binding assays for (s)- 
propanolol. Anal. Chem., 68,111-117
Andersson, L.I., Muller, K , Vlatakis, G., & Mosbach, K. (1995). Mimics o f the 
binding sites o f opioid receptors obtained by molecular imprinting of enkephalin and 
morphine. Proc. Natl. Acad. Sci. USA, 92,4788-4792.
Andersson, L.I., O'Shannessy, D.J., & Mosbach, K. (1990). Molecular recognition in 
synthetic polymers: preparation o f chiral stationary phases by molecular imprinting 
of amino acids amides. J. Chromatogr., 513, 167-179.
Andersson, L.I., Paprika, A , & Arvidsson, T. (1997). A highly selective solid phase 
extraction sorbent for preconcentration of samaredine made by molecular 
imprinting. Chromatographia, 46, 57-62.
Ardrey RE. (1986). Mass Spectrometry. In AC. Moffat, J.V. Jackson, M.S. Moss, &
B. Widdop (Eds.), Clarke's isolation and identification o f drugs (pp. 251-263 )  
London: Pharmaceutical press.
Arthur, C.L., Chai, M., & Pawliszyn, J. (1993). Solventless injection technique for 
microcolumn separations. J. Microcol. Sep., 5, 51-56.
185
Arthur, C.L., Killam, L.M., Motlagh, S., Lim, M., Potter, D.W., & Pawliszyn, J. 
(1992). Analysis o f substituted benzene compounds in groundwater using solid 
phase micro-extraction. J. Env. Sci. Technol., 26, 979-983.
Axen, R., Porath, J., & Emback, S. (1967). Chemical coupling of peptide and proteins 
to polysaccharides by means o f cyanogen bromide. Nature, 214, 1302-1304.
Bagnati, R., Oriundi, M.R., Russo, V., Danese, M., Berti, F. & Fanelli, R. (1991) 
Determination o f zeranol and p-zearanol in calf urine by immunoaffinity extraction 
and gas chromatography-mass spectrometry after repeated administration o f 
zeranol. J. Chromatogr. Biomed. 564,493-502.
Becker, S.J. (1997). Automated analysis o f carbamazepine (CBZ) and CBZ-10, 11- 
epoxide using Gilson-ASPEC XL coupled to HPLC separation and quantitation. 
Clin. Chem., 43, No Pt2 S6, p517.
Bengtsson, H., Roos, U., & Anderson, L.I. (1997). Molecular imprint based radioassay 
for direct determination o f s-propranolol in human plasma. Anal. Commun., 34, 
233-235.
Berry, B.J., Davies, J., Smith, C.J., & Smith, I. (1991). Immobilization o f Fv antibody 
fragments on porous silica and their utility in affinity chromatography. J. 
Chromatogr., 587, 161-169.
Bjorck, L. & Kronvall, G. (1984). Purification and some properties o f streptococcal 
protein G, a novel IgG-binding reagent. J. Immunol, 2,969-974.
Botterblom, M.H.A., Feenstra, M.G.P., & Erdsieck-Emste, E.B.H.W. (1993). 
Determination of propanolol, labetalol and clenbuterol in rat brain by high- 
performance Iquid chromatography. J. Chromatogr. B, 613,121-126.
186
Bush, D.M. (1990). NIDA urine drug-testing program-an overview. Abstract o f  
papers o f the American Chemical Society, 200, No. AUG, pp.2-PROF.
Campbell, D.H., Luescher, E., & Lerman, S.L. (1951). Immunologic adsorbents. I. 
Isolation of antibody by means o f a cellulose-protein reagent. Proc. Natl. Acad. Sci. 
USA, 37, 575-578.
Capra, J.D. & Edmonson, A.B. (1977). The antibody combining site. Scientific Am., 
236, 50-59.
Carr, G.P. (1986). Nuclear Magnetic Resonance Spectroscopy. In AC. Moffat, J.V. 
Jackson, M.S. Moss, & B. Widdop (Eds ), Clarke’s  isolation and identification o f  
drugs j (pp. 264-275) London: Pharmaceutical press, j
Centini, P., Masti, A , & Comparani, I B. (1996). Quantitative and qualitative analysis 
o f MDMA, MDEA and MA and amphetamine in urine by headspace/solid phase 
microextraction (SPME) and GC-MS. Forensic Sci. Int., 83, 161-166.
Chai, M., Arthur, C.L., Pawliszyn, J., Belardi, R.P., & Pratt, K.F. (1993). 
Determination of volatile chlorinated hydrocarbon in air and water with solid phase 
microextraction. Analyst, 118, 1501-1505.
Chamberlain, J. (1985). Analysis o f drugs in biological fluids (205 pp.) Florida: CRC 
Press.
Chapman, D.J., Joel, S.P., & Aheme, G.W. (1994). Evaluation o f a differential 
radioimmunoassay techmque for the determination o f morphine and morphine-6- 
j glucuronide in human plasma. J. Pharm. Biomed Anal, 12,353-360.
Chase, H .A (1983). Affinity separations utilising immobilised monoclonal antibodies-a 
new tool for the biochemical engineer. Chem. Engng. Sci., 39,1099-1125.
187
Chase, H A  (1984). Prediction o f the performance of preparative affinity 
chromatography. J. Chromatogr., 297, 179-202.
Chen, X.H., Franke, J.P., Ensing, K., Wijsbeek, J. & Dezeeuw, R.A. (1993) Semi­
automated solid phase extraction procedure for drug screening in biological fluid 
using the ASPEC system in combination with clean screen DAU columns. J. 
Chromatogr. Biomed., 613,289-294.
Cheong, S.H., McNiven, S., Rachkov, A , Levi, K , Yano, K., & Karube, I. (1997). 
Testosterone receptor binding mimic constructed using molecular imprinting. 
Macromolecules, 30, 1317-1322.
Chester, T.L., Pinkston, J.D., & Raynie, D.E. (1996). Supercritical fluid 
chromatography and extraction. Anal. Chem., 6 8 ,487R-514R.
Chiabrando, C., Benigni, A , Piccinelli, A , Carminati, C., Cozzi, E., Remuzzi, G., & 
Fanelli, R. (1987). Antibody-mediated extraction/negative-ion chemical ionisation 
mass spectrometric measurement o f thromboxane B2 and 2,3-Di-nor-thromboxane 
B2 in human and rat urine. Anal. Biochem., 163,255-262.
Chiarotti, M., StranoRossi, S., & Marsili, R. (1997). Solid phase microextraction and 
gas chromatographic analysis o f anorectic compounds in human urine. J. 
Microcolumn Sep., 9,249-252.
Christopherson, A S. & Morland, J. (1994). Drug analysis for control purposes in 
forensic toxicology, workplace testing, sports medicine and related areas. 
Pharmacol Toxicol., 74,202-210.
Collins, S. & O'Keeffe, M. (1994). Multi-residue analysis for beta-agonists in urine and 
liver samples using mixed phase columns with determination by radioimmunoassay. 
Analyst, 119, 2671-2674.
188
Corradini, D. (1997) Guest Editorial: HPLC and CE-match winners in bioseparations. 
LC-GC Int., March 1997, 146-148.
Courtheyn, D., Moermans, R., Schilt, R. & Boenke, A. (1996). p-agonists in animal 
feed II: optimisation o f the extraction. FoodAddit. Contam. 13,493-509.
deCurtis, L, Howell, K.E. & Simons, K. (1988). Isolation of a fraction enriched in the 
trans Golgi network from BHK cells. Exp. Cell Res., 175, 248-265.
de Frutos, M. (1995). Chromatography-immunology coupling, a powerful tool for 
enviromental analysis. Trends Anal. Chem., 14, 133-140.
deGregario, M.W. & Wiebe, V.J. (1994). Tamoxifen and breast cancer (112 pp.) New  
Haven and London: Yale University Press.
Dickey, F.H. (1949) . Preparation o f specific adsorbents. Proc. Natl Acad. Sci. USA, 
35,227-229.
Dickey, F.H. (1955). Specific Adsorption. J. Phys. Chem. 59, 695-707.
Dolan, J.W. (1994). Questions about ion pairing. LC-GC Int., December 1994, 691- 
692.
Eliasson, M., Andersson, R., Olsson, A., Wigzell, H., & Uhlen, M. (1989). Differential 
IgG-binding characteristics o f Staphylococcal protein A, Staphylococcal proteinG 
and a chimeric protein AG. J. Immunol, 142, 575-581.
Eliasson, M., Olsson, A., Palmcrantz, E., Wiberg, K., Inganas, M., Guss, B., Lindberg, 
M., & Uhlen, M. (1988). Chimeric IgG-binding receptors engineered from 
Staphylococcal protein A and Staphylococcal protein G. J. Biol. Chem., 263, 
4323-4327.
189
Esteban, A M., Kwasowski, P., & Stevenson, D. (1997). Immunoaffinity-based 
extraction o f phenylurea herbicides using mixed antibodies against isoproturon and 
chlortoluron. Chromatographia, 45, 364-368.
Eveleigh, J.W. & Levy, D.E. (1977). Immunochemical characteristics and preparative 
application o f agarose-based immunosoibents. J. Solid Phase Biochem., 2,45-78.
Faijam, A., de Jong, G.J., Frei, R.W., Brinkman, U.A.T., Haasnoot, W., Hamers, 
A R M ., Schilt, R , & Huf, F A  (1988). Immunoaffinity pre-column for selective 
on-line sample pre-treatment in HPLC determination o f 19-nortestosterone. J. 
Chromatogr., 452, 419-433.
Faijam, A , Brugman, E , Soldaat, A , Timmerman, P., Lingeman, H., de Jong, G.J., 
Frei, RW ., & Brinkman, U.AT. (1991a). Immunoaffinity precolumn for selective 
sample pretreatment in column liquid chromatography: Immunoselective 
desorption. Chromatographia, 31,469-477.
Faijam, A , Vreuls, J.J., Cuppen, W.J.G.M., Brinkman, U .AT., & de Jong, G.J. 
(1991b). Direct introduction o f large-volume urine samples into an on-line 
immunoaffinity sample pretreatment-capillary gas chromatography system. Anal. 
Chem., 63, 2481-2487
Fell, AF. (1986). Ultraviolet, Visible and Flourescence Spectrophotometry. In AC. 
Moffat, J.V. Jackson, M.S. Moss, & B. Widdop (Eds.), Clarke's isolation and 
identification o f drugs (pp. 221-236) London: Pharmaceutical press.
Fischer, L , Muller, R , Ekberg, B., & Mosbach, K. (1991). Direct enantioseparation o f 
beta-adrenergic blockers using a chiral stationaiy phase prepared by molecular 
imprinting. J. Am. Chem. Soc., 113, 9358-9360.
Fischer, M. & Jefferies, M.T. (1995). Optimisation o f supercritical fluid conditions for 
the rapid determination o f free fatty acids in soy and cottonseed meals. J. Agric. 
Food Chem., 43,1259-1266.
Ford, W.T. (1986). Polymeric reagents and catalysts. An overview. In W.T. Ford 
(Ed.), Polymeric reagents and catalysts (pp. 1-16). Washington D C. American 
Chemical Society.
Forsgren, A. & Sjoquist, J. (1966). Protein A from Staphylococcus aureus. I. Pseudo 
immune reaction with human y-globulin. J. Immunol. 97,822-834.
Fried, K.M. & Wainer, I.W. (1994). Direct determination of tamoxifen and its 4 major 
metabolites in plasma using coupled-column High Performance Liquid 
Chromatography. J. Chromatogr. B, 655,261-268.
Gaskell, S.J. & Brownsey, B.G. (1983). Immunoadsorption to improve Gas 
Chromatography/High-Resolution Mass Spectrometry o f estradiol-17B in plasma. 
Clin. Chem., 29, 677-680.
Ghetie,V., Mota, A. & Sjoquist, J. (1978). Separation o f cells by affinity 
chromatography on SpA-Sepharose 6MB, JJmmunol. Methods, 21,133-141.
Glencross, R.G., Abeywardene, S.A., Comey, S.J., & Morris, H.S. (1981). The use o f 
oestradiol-17B antiserum covalently coupled to Sepharose to extract oestradiol-17B 
from biological fluids. J. Chromatogr., 223,193-197.
Godfrey, M.A.J. (1996). Immunoaffinity and IgG receptor technologies. In P. 
Matejtschuk (Ed.), Affinity separations: A practical approach (pp. 141-195). 
Oxford, New York and Tokyo: IRL Press.
191
Godfrey, M.A.J., Luckey, M.F., Kwasowski, P.(1997). IAC/cELISA detection of 
monensin elimination flom chicken tissues, following oral therapeutic dosing. Food 
Addit. Contam., 14, 281-286.
Goldberger, B.A. & Cone, E J. (1994). Confirmatory tests for drugs in the workplace 
by Gas chromatograph-Mass Spectrometer. J. Chromatogr. A , 674, 73-86.
Guilluy, R  Billionrey, F. Pachiaudi, C. Normand, S. Riou, J.P., Jumeau, E.J. & 
Brazier, J.L. (1992). On-line purification and C-13 isotopic analysis o f carbon 
dioxide in breath-evaluation o f on-line gas chromatography. Anal. Chim. Acta, 
259, 193-202.
Haasnoot, W., Ploum, M.E., Paulussen, R J A , Schilt, R , & Hu( F A  (1990). Rapid 
determination o f clenbuterol residues in urine by high performance liquid 
chromatography with on-line automated sample processing using immnunoaffinity 
chromatography. J. Chromatogr., 519, 323-335.
Haasnoot, W., Schilt, R , Hamers, A R M ., HuÇ F A , Faijam, A , Frei, RW ., & 
Brinkman, U.AT. (1989). Determination of p-19-nortestosterone and its metabolite 
a-19-nortestosterone in biological samples at the sub ppb level by HPLC with on­
line immunoaffinity sample pretreatment. J. Chromatogr., 489, 157-171.
Hammersbach, P. & delaTorre, R  (1996). Stimulants, narcotics and P-blockers-15 
years of development in analytical technique for doping control. J. Chromatogr. B, 
687,221-238.
Hawthorne, B.S., Miller, J.D., Burford, D.M., Langenfield, J.J., Eckert-Tilotta, S. & 
Louie, K.P. (1993). Factors controlling quantitative Supercritical Fluid Extraction 
of enviromental samples. J. Chromatogr, 642, 301-317.
192
Hayashi, T., Sakamoto, S., Shikanabe, M., & Yoshida, H. (1989). HPLC analysis of 
human epidermal growth factor using immunoaffinity precolumn. 1. Optimisation of 
immunoaffinity column. Chromatographia^ 27, 569-573.
Hjerten, S., Liao, J.L., Nakazato, K., Wang, Y., Zamaratskaia, G., & Zhang, H.-X. 
(1997). Gels mimicking antibodies in their selective recognition o f proteins. 
Chromatographia, 44,227-234.
Hock, B., Dankwardt, A., Kramer, K., & Marx, A  (1995). Immunochemical 
techniques: Antibody production for pesticide analysis: A review. Anal. Chim. Acta, 
311, 393-405.
Hooijerink, H., Schilt, K , Haasnoot, W., & Courtheÿn, D. (1991). Determination of 
clenbuterol in urine o f calves by high performance liquid chromatography with in 
series ultraviolet and electrochemical detection. J. Pharm. Biomed. A nal, 9, 485- 
492.
Hooijerink, H., Schilt, K , van Bennekom, E.O., & Hut F.A (1994). Determination o f 
beta-sympathomimetics in liver and urine by immunoaffinity chromatography and 
gas chromatography-mass selective detection. J. Chromatogr. B, 660, 303-313.
Huang, Z., Janssen, M.J., Paulussen, R.J.A, Dezeeuv^ R .A , Franke, J.P., Ensing, 
F.K. (1995). Preliminary evaluation o f the ASTED-XL dialysis system towards its 
applicability in ligand binding assays. Anal. Lett, 28,2635-2651.
Jackson, J.V. (1986). Drug abuse in sports. In AC. Moffat, J.V. Jackson, M.S. Moss, 
& B. Widdop (Eds.), Clarke's isolation and identification o f drugs ( PP 35-54) 
London: Pharmaceutical press.
Janis, L.J. & Regnier, F.E. (1989). Dual column immunoassays using protein G affinity 
chromatography. Anal. Chem., 61, 1901-1906.
193
Joel, S.P., Osborne, R.J., & Slevin, ML. (1988). An improved method for the 
simultaneous determination o f morphine and its principle . glucuronide metabolites. 
J. Chromatogr., 430, 394-399.
Johansson, B. (1986). Simplified quantitative determination of plasma phenytoin: on­
line pre-column high performance liquid immunoaffinity chromatography with 
sample pre-purification. J. Chromatogr., 381,107-113.
Jung, F., Gee, S.J., Harrison, KO., Goodrow, M.H., Karu, A.E., Braun, A.L., Li, 
Q.X., & Hammock, B.D. (1989). Use of immunochemical techniques for the 
analysis o f pesticides. Pestic. Sci., 26, 303-317.
Karger, B.L. (1971). The relationship o f theory to practice in High Speed Liquid 
Chromatography. In J.J. Kirkland (Eds.), Modem Practice o f  Liquid 
Chromatography (pp. 3-53). New York, London, Sydney and Toronto: Wiley- 
Interscience.
Katmeh, M.F., Godfrey, M A L , Stevenson, D., & Aheme, G.W. (1997). Enzyme 
immunoaffinity chromatography-a rapid semi-quantitative immunoassay technique 
for screening the presence o f isoproturon in water samples. Analyst, 122,481-486.
Katz, S.E. & Brady, M.S. (1990). Focus on immunoaffinity. J. AOAC., 73, 557-561.
Katz, S.E. & Siewierski, M. (1992). Drug residue analysis using immunoaffinity 
chromatography. J. Chromatogr., 624,403-409.
Kempe, M. & Mosbach, K. (1994). Direct resolution o f naproxen. J. Chromatogr. A, 
664, 276-279.
194
Kennedy, J.F. & Bames, J.A. (1981). Affinity constants in immunoadsorptive 
chromatography: their simple determination and application to the selection o f 
eluents and optimisation o f the elution process. J. Chromatogr., 205,31-37.
Komatsu, S., Murata, S., Aoyama, H., Zenki, T., Ozawa, N., Tateishi, M., & Vrbanac, 
J.J. (1991). Micro-quantitative detrmination o f ciprostene in plasma by gas 
chromatography-mass spectrometry coupled with an antibody extraction. J. 
Chromatogr., 568,460-466.
Kristiansen, T. (1978). Matrix bound antigens and antibodies. In O.Hoffinan-Ostenhof, 
M. Breitbach, F. Roller, D. Kraft (Eds.) Affinity Chromatography, (pp 191-206) 
Oxford: Pergamon Press.
Kriz, D., Ramstrom, O., & Mosbach, K. (1997). Molecular imprinting: New 
possibilities for sensor technology. Anal. Chem. News & Features, June 1, 345A- 
349A
Kriz, D., Ramstrom, O., Svennson, A , & Mosbach, K. (1995). Introducing biomimetic 
sensors based on molecularly imprinted polymers as recognition elements. Anal. 
Chem., 67,2142-2144.
Kronkvist, K., Lovgren, U., EdholmJLE., Johansson, G. (1993). Determination o f 
drugs in biosamples at picomolar concentrations using competitive ELISA with 
electrochemical detection - application to steroids. J. Pharm. Biomed. Anal., 11, 
459-467.
Lan, B.P.Y., Lewis, D., & Lawrence, J.F. (1997). Confirmation analysis o f clenbuterol 
in beef liver and minced beef by a combination of immunoaffinity chromatography 
and liquid chromatography electrospray mass spectrometry or liquid 
chromatography electrospray tandem mass spectrometry. J. Mass Spectrom., 32, 
655-661.
195
Law, B. (1997). Guest editorial: Chromatography in the pharmaceutical industry. LC- 
GC In t, July 1997, 417
Leach, A.A. & Ramsey, B.B. (1986). Gas Chromatography. In AC. Moffat, J.V. 
Jackson, M.S. Moss, & B. Widdop (Eds.), Clarke's isolation and identification o f
drugs(yp: 178-200) London: Pharmaceutical press. !
Lee, C.R., Porziemsky, J.P., Gaspar, M., & Krstulovic, M. (1997). Chromatographic 
instrumentation and techniques for the quality control o f pharmaceutical products. 
LC-GC Int. July 1996,414-427.
Lemm, U., Tenczer, J., Baudisch, H., & Krause, W. (1985). Antibody-mediated 
extraction o f the main tetrahydrocannabinol metabolite,! l-nor-THC-9-carboxylic 
acid from human urine and its identification by gas chromatograph-mass 
spectrometer in the sub-nanogram range. J. Chromatogr., 342,393-398.
Lepisto, M. & Sellergren, B. (1989). Discrimination between amino acid amide 
conformers by molecular imprinted polymers. J. Org. Chem., 54, 6010-6012.
Liao, J.L., Wang, Y., & Hjerten, S. (1996). A novel support with artificially created 
recognition for the selective removal o f proteins and for affinity chromatography. 
Chromatographia, 42, 259-262.
Lien, E .A , Solheim, E., Lea, O., Lundgren, S. Kvinnsland, S. & Ueland, P.M. (1988) 
The disposition o f tamoxifen and metabolites in human biological fluids during 
chrome tamoxifen treatment. Anticancer Res., 8,1122.
Liapis, A I. & Unger, K.K. (1994). The chemistry and engineering o f affinity 
chromatography. In G. Street (Ed ), Highly selective separations in biotechnology 
(pp. 121-162). London, New York, Glasgow: Blackie Academic and Professional..
196
Liu, HJ. & Wehmeyer, K.R. (1994) Supercritical fluid extraction as a sample 
preparation technique for the direct isolation o f drugs from plasma prior to analysis. 
J. Chromatogr. B, 657,206-213.
Louch, D., Motlagh, S., & Pawliszyn, J. (1992). Dynamics o f organic-compound 
extraction from water using liquid coated fused-silica fibres. Anal. Chem., 64, 1187- 
1199.
Lu, B., Smyth, M R., & OTCennedy, R. (1996). Oriented immobilisation o f antibodies 
and its applications in immunoassays and immunosensors. Analyst, 121,29R-32R.
Luzio, J.P., Newby, AC. and Hales, C.N. (1974). Immunological isolation o f rat fat 
cell plasma membranes. Biochem. Soc. Trans., 2,1385-1386.
MacCallum, J., Cummings, J., Dixons, J.M., & Miller, W.R. (1996). Solid phase 
extraction and high performance chromatographic determination o f tamoxifen and 
its major metabolites in plasma. J. Chromatogr. B, 678,317-323.
Majors, R E. (1991). Trends in sample preparation. LC-GC Int., 4,10-18.
Majors, RE. (1995). New approaches to sample preparation. LC-GC Int., 8,128-133.
Majors, RE. (1996). The changing role o f extraction in preparation o f solid samples. 
LC-GC Int., October 96, 638-648.
Majors, RE. (1997a). Liquid extraction techniques for sample preparation. LC-GC 
Int., February 1997, 93-101.
Majors, RE. (1997b). Trends in sample preparation and automation-what the experts 
are saying. LC-GC Int., 13, 742-748.
197
Malucelli, A., Rizzo, A , & Meyer, H.H.D. (1995). Purification o f clenbuterol, 
salbutamol and terbutaline by inununoaffinity chromatography (IAC). Arch. 
Lebensmittelhyg., 46,101-103.
Marks, V. (1986) Immunoassay. In AC. Moffat, J.V. Jackson, M.S. Moss, & B. 
Widdop (Eds.), Clarke's isolation and identification o f drugs (pp. 101-110) London: 
Pharmaceutical press.
Martin, P., Wilson, I D., Morgan, D E., Jones, G.R., & Jones, K. (1997). Evaluation 
o f a molecular-imprinted polymer for use in the solid phase extraction o f propanolol 
from biological fluids. Anal. Commun., 34,45-47.
Martin-Esteban, A , Fernandez, P., & Camara, C. (1997). Immunosorbents: A new 
tool for pesticide sample handling in enviromental analysis. Fresen. J. Anal. Chem, 
357, 927-933.
Matson, R.S. & Little, M.C. (1988). Strategy for the immobilisation o f monoclonal 
antibodies on solid phase supports. J. Chromatogr., 458,67-77.
Matsui, J., Miyoshi, Y., Doblhoff-Dier, O., & Takeuchi, T. (1995). A molecularly 
imprinted synthetic polymer receptor selective for atrazine. Anal. Chem., 67, 4404- 
4408.
Matthew, W.D., Tsavaler, L. & Reichardt, L. (1981). Identification o f a synaptic 
vesicle-specific membraneprotein from a wide distribution in neuronal and 
neurosectoiy tissue. J.Cell. Biol., 91, 257-269.
McDowall, R D ., Doyle, E , Murkitt, G.S. & Picot, V.S. (1989). Sample preparation 
for the HPLC analysis o f drugs in biological fluids. J. Pharm. Biomed Anal, 7, 
1087-1096.
198
McDowall, RD. (1989). Review: Sample preparation for biomedical analysis. J. 
Chromatogr., 492, 3-58.
McDowall, R D . (1994). The universal SPE method. LC-GC Int., 7, 638-642.
Mendenhall, D.W., Kobayashi, H., Shih, F.M.L., L A  Stemson, Higuchi, T. & Fabian,
C. (1978). Clinical analysis o f tamoxifen, an anti-neoplastic agent, in plasma. Clin. 
Chem., 24,1518.
Moeller, M R  (1992). Drug detection in hair by chromatographic procedures. J. 
Chromatogr., 580, 125-134.
Moffat, AC. (1986).Thin Layer Chromatography. In AC. Moffat, J.V. Jackson, M.S. 
Moss, & B. Widdop (Eds.), Clarke's isolation and identification o f drugs «
(pp. 160-177) London: Pharmaceutical press.
Mohr, P. & Poomerening, K. (1986). Affinity chromatography: Practical and 
theoretical aspects. In P. Mohr & K. Poomerening (Eds.), Chromatographic 
Science Series (pp. 7-14). New York: M.Dekker.
Mosbach, K. (1994). Molecular imprinting. TIBS, 19, 9-14.
Moss, M.S. & Cowan A D . (1986). Drug Abuse in Sports. In AC. Moffat, J.V. 
Jackson, M.S. Moss, & B. Widdop (Eds.), Clarke's isolation and identification o f  
drugs (pp. 87-100) London: Pharmaceutical press.
Mucklow, J.C. (1982). Use o f saliva in therapeutic drug monitoring. Ther. Drug 
Monit. 4,229-247.
Mudd, S. (1932) . A hypothetical mechanism of antibody formation. J. Immunol, 23, 
423-427.
199
Mueller, R.K., Grosse, J. Lang, R. & Thieme, D.(1995). Chromatographic techniques - 
the basis o f doping control. J. Chromatogr. B, 674,1-11.
Muldoon, M.T. & Stanker, L.H. (1997a). Development and application of molecular 
imprinting technology for residue analysis. ACS Symposium Series, 657,314-330.
Muldoon, M.T. & Stanker, L.H. (1997b). Molecularly imprinted solid phase extraction 
of atrazine from beef liver extracts. Anal. Chem., 69, 803-808.
Nakahara, Y., Kikura, R , & Takahashi, K. (1994). Hair analysis for drugs o f abuse 
Vin. Effective extraction and determination o f 6-acetylmorphine ; and morphine in 
hair with trifluoroacetic d-methanol for the confirmation o f retrospective heroin use 
by GC-MS. J. Chromatogr. B, 657,93-101.
Nelson, G.J. (1972). Handling, extraction and storage o f blood samples. In G.LNelson 
(Ed.) Blood, lipids and lipoproteins: Quantitation, composition and metabolism.(pp 
3-24). New York, London, Sydney and Toronto: Wiley Interscience.
Nicholls, Ï. A., Ramstrom, O. & Mosbach, K. (1995). Insights into the role o f the 
hydrogen bond and hydrophobic effect on recognition in molecularly imprinted 
polymer synthetic peptide receptor mimics. J. Chromatogr. A, 691,349-353.
Nilsson, K., Lindell, 1 , Norrlow, O., & Sellergren, B. (1997). Imprinted polymers as 
antibody mimetics and new affinity gels for selective separations in capillary 
electrophoresis. J. Chromatogr. A, 680, 57-61.
Nilsson, K. & Mosbach, K. (1980). p-Toulenesulfonyl chloride as an activating agent 
of agarose for the preparation o f immobilsed affinity ligands and proteins. Eur. J. 
Biochem., 112, 397-402.
2 0 0
O'Shannessy, D.J., Ekberg, B., Andersson, L.I., & Mosbach, K. (1989a). Recent 
advances in the preparation and use o f molecularly imprinted polymers for 
enantiomeric resolution o f amino acid derivatives. J. Chromatogr., 470,391-399.
O'Shannessy, D.J., Ekberg, B., & Mosbach, K. (1989b). Molecular imprinting o f 
amino acid derivatives at low temperature (0°C) using photolytic homolysis o f 
azobisnitriles. Anal. Biochem., 177,144-149.
O'Shannessy, D.J. (1990). Hydrazo-derivatized supports in affinity chromatography. J. 
Chromatogr., 510,13-21.
Ohlson, S., Hansson, L., Larsson, P.O., & Mosbach, K. (1978). High performance 
liquid affinity chromatography (HPLAC) and its application to the separation o f 
enzymes and antigens. FEBSLett., 93, 5-9.
Ohno, M., Shiono, Y., & Konishi, M. (1994). Simultaneous determination o f 
dihydrocodeine and its metabolites in dog plasma by high-performance liquid 
chromatography with electrochemical detection. J. Chromatogr. B, 654,213-219.
Omatowska, M. & Glasel, J.A. (1991). Direct production o f Fv-fragments from a 
family of monoclonal IgGs papain digestion. Mol. Immunol, 28,383-391.
Osborne, RJ., Joel, S.P., Grebenik, K., Trew, D., & Slevin, M.L. (1993). The 
pharmacokinetics o f morphine and morphine glucuronides in kidney failure. Clin. 
Pharm. Ther., 54, 158-167.
Osborne, RJ., Joel, S.P., Trew, D., & Slevin, M. (1990). Morphine and metabolite 
behaviour after different routes o f morphine adminitration: Demonstration o f the 
importance o f the active metabolite morphine-6-,!glucuronide. Clin. Pharm.Ther., 
47,12-19.
2 0 1
Ottemess, I. & Kamsh, F. (1982). Principles o f antibody reactions. In JJ. Marchalonis 
& G.W. Warr (Eds.), Antibody as a  tool The applications o f immunochemistry 
(pp. 97-137). Chichester, NewYork, Brisbane, Toronto & Singapore. Wiley- 
Interscience Publication.
Parikh, I. & Cuatrecasas, P. (1993). Affinity chromatography. An overview. In T.T. 
Ngo (Ed.), Molecular Interactions in Bioseparations (pp. 3-13). New York and 
London: Plenum Press.
Pauling, L. (1940). A theory o f the structure and process o f formation o f antibodies. 
J. Am. Chem. Soc., 62,2643-2657.
Pawliszyn, J. (1995). New directions in sample preparation for analysis o f trace 
organic compound. Trends Anal. Chem., 14,113-122.
Pawula, M., Shaw, P.N., & Barrett, D.A. (1994). Determination o f codeine and its 
metabolites in microsomal incubates by high performance liquid chromatography. J. 
Chromatogr. B, 653,106-111.
Phillips, T.M. (1986). High Performance Immunoaffinity Chromatography: An 
Introduction. Liq. Chromatogr., 3, 963-972.
Phillips, T.M. (1989). High-Performance Immunoaffinity Chromatography. In E. 
Grushka and P R. Brown (Eds.) Advances in Chromatography, (pp. 133-173) New  
York: Marcel Dekker.
Phillips, T.M., More, N.S., Queen, W.D., Holohan, T V., Kramer, N.C., & Thomson, 
A.M. (1984). High performance affinity chromatography: A rapid technique for the 
isolation and quantitation o f IgG from cerebral spinal fluid. J. Chromatogr., 317, 
173-179.
2 0 2
Phillips, T.M., Queen, W.D., More, N.S., & Thomson, AM . (1985). Protein coated 
glass beads: Universal support medium for high performance immunoaffinity 
chromatography. J. Chromatogr., 327,213-219.
Pichon, V., Chen, L., Durand, N., Le Goffic, F., & Hennion, M.C. (1996). Selective 
trace enrichment on immunosorbents for the multiresidue analysis of phenylurea and 
triazine pesticides. J. Chromatogr. A, 725, 107-119.
Poole, S.K., Dean, T A ., Oudsema, J.W., & Poole, C.F. (1990). Sample preparation 
for chromatographic separations: an overview. Anal. Chim. Acta, 236,3-42.
Potter, D.W. & Pawliszyn, J. (1994). Rapid determination of polyaromatic 
hydrocarbon and polychlorinated biphenyls in water using solid phase 
microextraction. Env. Sci. Technol., 28,298-305.
Pou, K., Ong, H., Adam, A , Lamothe, P., & Delahaut, P. (1997). Combined 
immunoextraction approach coupled to a chemiluminescence enzyme immunoassay 
for the determination o f trace levels o f salbutamol and clenbuterol in tissue samples. 
Analyst, 119,2659-2662.
Ramsteiner, K.A (1988). Systematic approach to column switching. J. Chromatogr., 
456, 3-20.
Rashid, B., Kwasowski, P., & Stevenson, D. (1995). Drug extraction by selective SPE 
using immobilised antibodies: Trials with morphine and clenbuterol. In E. Reid, 
H.M. Hill, & I D. Wilson (Eds.), Biofluid Assay fo r peptide-related and other 
drugs (pp. 219-223). Cambridge: Royal Society o f Chemistry.
Rashid, B .A , Briggs, R.J., Hay, J.N., & Stevenson, D. (1997). Preliminary evaluation 
of a molecular imprinted polymer for solid phase extraction o f tamoxifen. Anal. 
Commun., 34, 303-305.
203
Rashid, B.A., Kwasowski, P., & Stevenson, D. (1996). The development o f a single- 
step solid-phase immuno-extraction for morphine. Pharm. S et, 2,115-116.
Rashid, B A , Aheme G.W., Katmeh, M.F., Kwasowski, P., & Stevenson, D. (1997). 
Determination o f morphine in urine by solid phase immunoextraction and high 
performance liquid chromatography with electrochemical detection. 
J.Chromatography A. ( in press).
Regueiro, G.J.A., Perez, B., & Casademont, G. (1993). Determination o f clenbuterol 
and salbutamol in urine by capillary GO with capillary columns of 100 urn. J. 
Chromatogr., 655, 73-76.
Rinke, L., Meyer, H.H.D., & Rapp, M  (1990). Electrochemical detection o f B-agonist 
clenbutorol in calf urine using HPLC. Chromatogram, 11,6-7.
Roitt I.M , Brostoff, J. & Male D.K. (1989) Molecules which recognise antigen. In 
Immunology (pp 5.1-5.12). London & New York: Gower Medical Publishing.
Roman, L.R. & Hubbarb, A.L. (1985). A domain spedfic marker for the hepatocyte 
plasma membrane. HI Isolation o f bile canalicular membrane by immunoadsorption. 
J.Cell B iol, 98, 1497-1504.
Rule, G.S. & Henion, J.D. (1992). Determination o f drugs from urine by on line 
immunoaffinity chromatography-HPLC-MS. J. Chromatogr., 582,103-112.
Sayers, R , Kwasowski, P. & O’Conner, M. (1996). A novel screening method for the 
detection o f clenbuterol residues in bovine bile using immunoaffinity and enhanced 
chemiluminiscent techniques. In N. Haagsma, ARuiter A , Czedik-Eysenberg (Eds.) 
Euroresidues HI. (pp. 655-658) Veldhoven, Netherlands.
Segura, J. (1996). Doping control in sports medicine. Ther. DrugMonit. 18, 471-476.
204
Sellergren, B. (1989). Molecular imprinting by non-covalent interaction 
enantioselectivity and binding capacity of polymers prepared under conditions 
favouring the formation o f template complexes. Makromol Chem., 190, 2703- 
2711.
Sellergren, B. (1994). Enantiomer separation using tailor-made phases prepared by 
molecular imprinting. In G.Subramaniam (Ed.), A practical approach to chiral 
separation by liquid chromatography (pp. 69-93). New York,Basel, Cambridge, 
Tokyo: VCH.
Sellergren, B., Lepisto, M., & Mosbach, K. (1988). Highly enantioselective and 
substrate-selective polymers obtained by molecular imprinting utilising non-covalent 
interactions. NMR and chromatographic studies on the nature o f recognition. J. 
Am. Chem. Soc., 110, 5853-5860.
Shah, V.P., Midha, K.K., Dighe, S., McGilveray, I.J., Skelly, J.P., Yacobi, A , Laylog 
T., Viswanathan, C.T., Cook, C.E., McDowall, R D ., Pittman, K .A , & Spector, S. 
(1992). Analytical methods validation: Bioavailability, bioequivalence and 
pharmacokinetics studies. Pharm. Res., 9, 588-592.
Shahtaheri, S.J., Katmeh, M.F., Kwasowski, P., & Stevenson, D. (1995). Development 
and optimisation o f an immunoaffinity-based solid-phase extraction for 
chlortoluron. J. Chromatogr., 697, 131-136.
Siemann, M., Andersson, L., & Mosbach, K. (1996). Selective Recognition o f the 
Herbicide Atrazine by NonCovalent Molecularly Imprinted Polymers. J. Agric. 
Food Chem., 44,141-145.
205
Silverstein, R.M., Bassler, G.C. & Morrill, T.C. (1991). Identification o f organic 
compounds. 5th Edition (419 pp.) New York, Chichester, Brisbane, Toronto and 
Singapore: John Wiley & Sons.
Stanley, S., Wood, T , Goodman, J.P, Henry, P A , Woods, W.E., Chang, S.L., Tai, 
H.H., Watt, D., Kwiatkowski, S., Blake, J.W., Tobin, T., Gerken, D. & Sams, R. 
(1994) Immunoassay detection o f drugs in racing horses - detection o f ethaciynic- 
acid and bumetanide in equine urine by ELISA. J. Anal Toxicol, 18, 95-100.
Steinke, J., Sherrington, D C. & Dunkin, J R. (1995). Imprinting o f a synthetic 
polymers using molecular templates. Adv. Polym. S et, 123,81-125.
Stemson, L A  (1984). HPLC methodology for therapeutic monitoring o f tamoxifen 
and 2 major metabolites in blood and tissues In E. Reid & I D. Wilson (Eds.), Drug 
determination in therapeutic and forensic contexts (pp.227-234). New York: 
Plenum Press.
Stevens, H.M. (1986). Colour tests. In A C . Moffat, J.V. Jackson, M.S. Moss, & B. 
Widdop (Eds.), Clarke's isolation and identification o f drugs (pp. 128-147) London: 
Pharmaceutical press.
Stevenson, D., (1996). Sample preparation. In W.J Lough & LW.Wainer (Ed.;, High 
Performance Liquid Chromatography (pp. 168-185) London, Glasgow,Weinham. 
New York, Tokyo, Melbourne and Madras: Blackie Academic & Professional.
Stevenson, D. (1984). Determination o f tamoxifen and N-desmethyltamoxifen in 
plasma by HPLC In E. Reid & I D. Wilson (Eds ). Drug determination in 
therapeutic and forensic contexts (pp.243-244). New York: Plenum Press.
206
Stewart, MJ. (1986). Immunoassays. In A C. Moffat, J.V. Jackson, M S. Moss, & B. 
Widdop (Eds.), Clarke's isolation and identification o f drugs i(pp. 148-159) London: 
Pharmaceutical press.
TagUaro, F., Franchi, D., Dorizzi, & , & Mariago, M. (1989). High Performance 
Liquid Chromatographic determination o f morphine in biological samples'.An 
overview o f separation methods and detection techniques. J. Chromatogr., 488, 
215-228.
Tilstone, W.J. & Stead, A.H.(1986). Immunoassays. In AC. Moffat, J.V. Jackson, 
M.S. Moss, & B. Widdop (Eds ), Clarke's isolation and identification o f drugs
(pp. 276-307) London: Pharmaceutical press.
Tsuchihashi, H., Nakajima, K., Nishikawa, M., Suzuki, S.I., Shiomi, K. & Takahashi, 
S. ( 1991). Determination o f methamphetamine and amphemtamine in urine by 
headspace Gas chromatography Mass Spectrometry. Anal Sc., 7,19-22.
Tuan, R P ., Janssen, H.G., Cramers, C .A , Smit, AL.C. & Vanloo, E.M. (1994). 
Determination o f sulfur components in natural gas- A review. HRC-J. High Resol. 
Chromatomatogr., 17,373-389.
Van de Water, C. & Haagsma, N. (1987). Determination o f chloramphenicol in swine 
muscle tissue using monoclonal antibody-mediated clean-up procedure. J. 
Chromatogr., 411,415-421.
van Ginkel, L A , Stephany, R.W., & van Rossum, H.J. (1992). Development and 
validation o f a multiresidue method for beta-agonists in biological samples and 
animal feed. J. AO AC Int., 75, 554-560.
207
van Oss, C.J., Absolom, D R., & Neuman, A.W. (1982). Role o f attractive and 
repulsive van der Waals forces in afBnity and hydrophobic chromatography in T.C.J. 
Gribnau, J. Visser & R.J.F. Nivard (edsj Affinity chromatography and related 
techniques (pp 29-37). Amsterdam, Oxford and New York: Elsevier Scientific 
Publication Company.
van Rhijn, J A , Traag, W.A., & Heskamp, H.H. (1993). Confirmatory analysis o f 
clenbuterol using two different derivatives simultaneously. J. Chromatogr., 619, 
243-249.
Vlatakis, G., Andersson, L., Muller, K , & Mosbach, K. (1993). Drug Assay using 
antibody mimics made by molecular imprinting. Nature, 361,645-647.
Walson, P.D. (1994). Role o f therapeutic drug monitoring (TDM) in pediatric anti­
convulsant drug dosing. Brain & Devt., 16,23-26.
Walt, D R. & Agayn, V.I. (1994). The chemistry o f enzyme and protein immobilization 
with glutaraldehyde. Trends Anal. Chem., 13,425-430.
Walters, R.R. (1985). Affinity chromatography. Anal. Chem., 5 7 ,1099A-1114A
Webb, K.S., Baker, P.B., Cassells, N.P., Francis, J.M., Johnston, D.E., Lancaster, 
S.L., Minty, P.S., Reed, G.D., & White, S A  (1996). The analysis o f lysergide 
(LSD): The development o f novel enzyme immunoassay and immunoaffinity 
extraction procedures together with a HPLC-MS confirmation procedure. J. 
Forensic Sci., 41,938-946.
Welling, G.W., Guerts, T., van Gorkum, J., Damhof, R A , & Drijfhout, J.W. (1990). 
Synthetic antibody fragment as ligand in immunoaffinity chromatography. J. 
Chromatogr., 512, 337-343.
208
Wu, Johnson, K.G. & Wong, S.S. (1992). Impact o f revised NIDA guidelines
for methamphetamine testing in urine. CliruChem. 38,2352-2353.
Wulff, G. (1995). Molecular Imprinting in Cross -linked materials with the aid o f 
molecular templates, a way towards artificial antibodies. Angew. Chem. Int. Ed. 
Engl. 34, 1812-1832.
Wulff, G. & Sarhan, A. (1972) Use o f polymers with enzyme-analogous structures for 
the resolution of racemates. Angew. Chem. Int E d Engl. 11,341.
Wulff, G , Sarhan A. & Zabrocki, K. (1973). Enzyme analogue built polymers and 
their use for the resolution o f racemates. Tetrahedron Lett. 44,4329-4332.
Wulff, G. & Schauhoff, S. (1991). Racemic resolution o f free sugars with 
macroporous polymers prepared by molecular imprinting. Selectivity dependence on 
the arrangement o f functional groups versus spatial requirements. J. Org. Chem., 
56, 395-400.
Yang, M.J. & Pawliszyn, J. (1993). Extraction o f semivolatile organic compounds from 
aqueous sample using high density carbon dioxide and hollow fibre membrane 
module. Anal. Chem., 65,2538-2541.
Yang, X.G. & Peppard, T. (1994). Solid phase microextraction for flavour analysis. J  
Agric. Food Chem., 42,1925-1930.
Yu, C. & Mosbach, K. (1997). Molecular imprinting utilizing an amide functional 
group for hydrogenbonding leading to highly efficient polymer. J. Org. Chem., 62, 
4057-4064.
Zuhlke, J., Knopp, D., & Niesser, R. (1995). Sol gel glass as a new support matrix in 
immunoaffinity chromatography. Fresen. J. Anal. Chem., 352, 654-659.
209
